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ABSTRACT 
 
 
The studies demonstrated in this dissertation were primarily focused on the 
synthesis, structure and property characterizations of iron(II,III) containing framework 
solids. The scope of this research is threefold: 1) explore new iron(II, III)-containing 
open framework structures in hopes of creating new materials, useful in the areas of both 
Li- and Na-ion battery applications; 2) synthesis and characterization of low-dimensional 
magnetic nanostructures exhibiting novel magnetic properties due to confined magnetic 
lattices; and 3) conduct structure/property correlation studies to identify the origins of any 
unusual physical phenomena associated with these new compounds. 
In the syntheses of new compounds, molten salt fluxes were utilized due to the 
refractory nature and low solubility of the covalent transition metal oxides, such as alkali 
metal chlorides and iodides. Furthermore, the use of eutectic fluxes allowed us to 
investigate new flux-incorporated compounds via in situ reactions (metathesis reactions). 
Additionally, oxyanions XO4
3-
 (X = P and As) were employed to obtain 3-D Fe−O−X 
frameworks. Having a poly-anion group in the structure not only increases the Fe
3+
/Fe
2+
 
redox couple (due to the inductive effect), regarding potential battery applications but 
also allows the synthesis of new compounds with magnetic nano-structures embedded in 
closed-shell, non-magnetic oxyanion matrices. The use of molten salt fluxes allowed for 
the discovery of several new iron(II,III)-containing phosphates and arsenates for a 
structure/property correlation study.  
Throughout, exploratory syntheses was employed with a typical reaction 
including various transition metal oxides (Fe2O3 and/or FeO), main group oxides such as 
ii 
 
P4O10 or As2O5, and alkali/alkaline-earth metal oxides. High-temperature solid-state 
reactions in molten-salt media were utilized in the crystal growth and characterization 
was performed mainly using single crystal and powder X-ray diffraction. For further 
property characterizations, techniques and measurements such as electrochemical testing, 
neutron powder diffraction, magnetic susceptibility measurements, electrical conductivity 
measurements, electron microscopy, thermal gravimetric analysis, UV-Vis diffuse 
reflectance and IR were performed. 
The new discoveries in this dissertation, mainly, Rb0.41FePO4 and A3Fe6(XO4)7; A 
= K, Rb, Cs and X = P and As, have shown fascinating 3-D Fe−O−X frameworks with 
interesting ion-exchange properties. These new compounds, based on A−Fe−O−X 
systems where A = larger alkali and alkaline-earth metal cations than Li-ion and these 
large cations, were used as templates to synthesize new open-frameworks that cannot be 
initially formed with Li-ions. Sr1.25Na1.5Fe5O2(PO4)5, another novel open framework 
structure, was studied as a cathode material for sodium ion batteries due to the interesting 
channeled structure, see Chapter 5. 
Furthermore, these new structures tend to form interesting Fe−O lattices (3-D 
networks, 2-D sheets, 1-D chains) isolated by diamagnetic poly-anion groups which have 
been proven to be extremely rich concerning novel magnetic properties. Chapter 6 was 
aimed on the investigation of the magnetic properties of A2Fe2O(AsO4)2; A = K and Rb 
with pseudo‒one‒dimensional Fe−O chains. Moreover, in relation to the investigation of 
novel magnetic properties, a heterometallic system (3d-4f) was discovered, 
Rb7LnFe6O2(PO4)8, and the magnetic properties of derivatives where Ln = Sm, Gd and 
iii 
 
Dy will be discussed. Finally, the structure/property correlations and future development 
of these newly synthesized compounds should fruitful for the future of battery 
applications and understanding of novel magnetic phenomena. 
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CHAPTER ONE 
INTRODUCTION 
 
Solid-state chemistry is concerned with the synthesis and characterization of new 
solid materials with fascinating structures. Structure and property correlations are equally 
important for the continued research development of solid-state materials. Solids, both 
molecular and non-molecular compounds, can be either crystalline or non-crystalline. 
The molecular solids are held together by weak van der Waals interactions while non-
molecular solids are held together by covalent and/or ionic bonds. Molecular solids are 
often synthesized at much lower temperatures (≤ 300°C) and due to weak intermolecular 
forces, they exhibit lower melting points compared to the non-molecular solids. 
Moreover, properties of molecular solids are controlled by the properties of individual 
molecules. In contrast, non-molecular solids have extended structures which are formed 
from three-dimensional (3-D) arrays of atoms. Thus, the properties of non-molecular 
solids are established from the packing of atoms in a 3-D arrangement and the bonding 
between the atoms. It is important to discover new materials where the nature of bonding 
with respect to structure and property correlations may provide a road map to develop 
new chemical and physical phenomena.
1
 
Most of the earlier work in solid state chemistry was boosted with the discovery 
of X‒ray crystallography in the early 1900’s by William Lawrence Bragg. Through 
structure characterizations, it rapidly opened up a flurry of activities in relation to the 
discovery of new compounds exhibiting fascinating physical phenomena, including 
2 
 
magnetic and electric properties.
2
 The growing consumer need for technological 
advances gives the study of solids and their properties a practical purpose. 
Piezoelectricity,
2
 ferroelectricity,
2
 laser emissions,
3a
 luminescence, high Tc 
superconductivity,
3b
 quantum electronic behavior
3c
 and fiber optic behavior, for instance, 
are some of the significant discoveries that occurred between the 1940’s and 1960’s. 
Relevant to the dissertation studies presented herein, after introducing the first Li-based 
batteries in early 1970’s, an extensive search has begun on solid-state materials by 
targeting cathode and anode materials for advanced Li-ion batteries.
4a-c
 The solid-state 
materials play a role in the development of other alternative energy sources such as 
hydrogen storage materials,
5a
 fuel cells
5b
 and solar cells.
5c
 The enormous numbers of new 
structures and their potential applications provide a dynamic research area for scientists 
with synthetic and theoretical backgrounds. For these reasons, the field of solid state 
chemistry has been ever growing among the scientific community.
6a-c
 
This dissertation focuses on the exploration of new classes of transition metal 
(TM) containing poly-anion systems in hopes creating new materials, useful in the areas 
of Li- and Na-ion battery applications. Therefore, some basics of Li-ion, Na-ion batteries, 
and related materials will be discussed in the following paragraphs. Because the 
structurally confined magnetic nanostructures were observed in some of these newly 
synthesized solids, the magnetic properties were also investigated to unravel the unusual 
magnetic phenomena. These additional studies will be discussed in the context of 
structure-property correlation studies with respect to lattice (low-dimensionality) and spin 
state of magnetic origin. The background in this area of research will be stated in the 
3 
 
introduction section of the respective chapters specific to the nature of the anomalous 
magnetic properties in question. 
Lithium Ion Batteries 
The research and development of high power and high energy density batteries 
are essential in order to meet increasing demand of the portable consumables such as cell 
phones, PDAs, laptops, and i-Pods.
7a-c
 Moreover, development of Li rechargeable 
batteries for electric vehicles (EV) hold the key to reduce the burning of fossil fuels in 
internal combustion engines which ultimately reduces the air pollution and prevents 
global warming. In the 21
st
 century, clean energy comes from geothermal, solar, wind, 
waves and nuclear reactors. However, geothermal, solar, wind and waves energy are 
sensitive to time and location, and nuclear reactors produce radioactive waste. 
Additionally, these energy sources need secondary energy storage systems. Chemical 
storage, like batteries, is currently the most convenient and portable method for storing 
energy. Thus, ever increasing demand of Li-ion secondary batteries stimulates the 
research and development in this field. However, the energy density, capacity, 
charge/discharge rates, cost, safety and service life of a battery are crucial issues that yet 
to be addressed to achieve a high-performance Li-ion battery.
9a,b
  
The use of Li metal kick-started energy storage applications since Li is the most 
electropositive (-3.04 V vs. standard hydrogen electrode) element and the lightest metal 
(M = 6.94 g mol
-1
 with a specific gravity of ρ = 0.53 g cm-3) available. In addition, Li has 
the highest voltage, lightest weight, and greatest energy density of all metals; therefore, it 
is logical that much emphasis has been placed on the further development of Li-based 
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batteries, especially for portable applications. And finally, Li has a high thermal and 
electrical conductivity, and highest specific heat of any solid element.
10
 Consequently, a 
battery consists of several electrochemical cells which are interconnected in a series 
and/or parallel circuit according to the application needed. Current, I, is the output of a 
battery at a voltage of V within a time period of Δt which determines the total electronic 
charge (Q) transfer from anode to cathode during discharging. Moreover, QV/w gives the 
energy density of the battery, where w = weight of the battery. Q/w is referred to the 
capacity of the battery (Λ) in the unit of Ah/g. Additionally, one can use specific energy 
(in Wh/Kg) and energy density (in Wh/L) to compare the energy that is carried from a 
battery. Additionally, specific power (in W/Kg) and power density (W/L) are used to 
describe the rate capability of the Li-ion battery.
7
  
Li-ion battery technology was discovered in the early 1970’s when a variety of 
primary (non-rechargeable) Li cells were developed and commercialized. The key 
features of primary Li batteries were high capacity and variable discharge rates therefore 
these batteries were recognized as the main power source for portable electronics such as 
watches and calculators. Additionally, Li batteries were useful in the medical field. As 
will be discussed below, the birth of Li rechargeable batteries initiated with the 
demonstration of Li-ion intercalation in inorganic solids such as TiS2. Figure 1.1 shows a 
schematic diagram of the Li-ion rocking chair battery during the discharging process. 
Once the cathode and anode are connected via an external circuit, electrons travel from 
anode to cathode while chemical reactions proceed in the electrodes. In order to keep the 
charge neutrality during the discharging, the anode releases cations which travel along 
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Figure 1.1. A schematic representation of a Li-ion cell during the discharging process 
where the cathode is becoming reduced.
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the electrolyte to reach the cathode, and during the charging cycle the opposite process 
can be observed.
12c 
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In the development of Li-ion batteries, it is essential to find a suitable cathode, 
anode and an electrolyte. Figure 1.2 represents an energy diagram for a Li-ion secondary 
battery in the presence of an aqueous electrolyte. As shown in the Figure 1.2, anode 
behaves as a reductant and cathode as an oxidant in the battery during the discharge. It is 
essential to have an electrochemical potential for the cathode, µc, similar to the highest 
occupied molecular orbitals (HOMO) of the electrolyte while the electrochemical 
potential of the anode, µa, matches with the lowest unoccupied molecular orbitals 
(LUMO) in the electrolyte. Energy gap, Eg, is the difference between the HOMO and the 
LUMO and will essentially provide the operating electrochemical window for the 
electrolyte. Additionally, charging over µa will reduce the electrolyte or discharging 
below µc will oxidize the electrolyte (or forms a solid electrolyte interface). Therefore the 
operating voltage (V) for a battery has to be equal or smaller than Eg (V = µa- µc ≤ Eg). 
Furthermore, µa and µc are highly dependent upon the bonding nature of the structure 
while Eg depends mainly on the HOMO and LUMO of the electrolyte. Nevertheless, 
research and development in all three areas (cathode, anode and electrolyte) is equally 
important for the success of lithium ion battery technology.
7a-c
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Figure 1.2. A Schematic energy diagram showing operating electrochemical window for 
the cathode, anode and the electrolyte.
7a,b
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Before discussing the present research and development of TM-containing poly-
anion 3-D frameworks, the following paragraphs provide a summary about the evolution 
of layered compounds for rechargeable Li-ion batteries. By 1972, solid-state chemists 
had clearly exemplified the concept of electrochemical intercalation of Li-ion to the 
layered structures. Simultaneously, Whittingham investigated initial application of TiS2 
as a cathode material in Li-ion rechargeable batteries. TiS2 has a hexagonal close packed 
structure made from sulfur and the octahedral sites are occupied by titanium, as shown in 
Figure 1.3. The TiS2 sheets are held by weak van der Waals interactions and this was the 
most studied dichalcogenide pertaining to Li-ion battery applications at that time. 
Furthermore, the semi-metallic nature of TiS2 turned out to be the most important 
property for Li-ion secondary batteries as no additives was necessary to improve the 
conductivity of TiS2. TiS2 can form a single phase within the range of LixTiS2 where, 0 ≤ 
x ≤ 1,11a,b so , TiS2 can accept one lithium ion per formula unit during discharging. All of 
these factors led to the introduction of the first commercial Li-ion rechargeable battery in 
1972 by Exxon. Exxon’s battery consisted of a cathode made of TiS2, an anode of Li 
metal and an electrolyte solution of 2.5 M Lithium perchlorate in dioxolane. Regardless 
the battery’s high capacity, safety issues began to arise due to the Li-metal/liquid 
electrolyte combination and dendrite formation (Figure 1.4) which eventually led to 
explosion hazards. Explosion hazards were addressed by making alloys of Li and Al. 
Unfortunately these alloys showed a large volume variation during the Li-ion 
insertion/de-insertion, and these batteries were not durable for multiple, prolong 
cycling.
11c-e
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Figure 1.3. Layered TiS2 (blue spheres are Ti and red spheres are S) structure showing 
the space between TiS2 layers where Li accommodates during the discharging to form 
LixTiS2 (0 ≤ x ≤ 1). 
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Figure 1.4. Schematic representation sowing the dendrites formation during the prolong 
cycling. 
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During the 1970’s, the well-known layered oxides of LiMO2, M = transition 
metal, were extensively studied not just for their Li-ion battery applications, but largely 
for their interesting magnetic properties. Nonetheless, LiMO2 is built from a cubic close 
packed (ccp) array of oxygen atoms while Li and M are distributed over the octahedral 
sites. Edge-sharing MO6 forms [MO2] layers and Li resides in between these layers in the 
LiO6 octahedral coordination.
12a
 It is important to mention that the stacking sequence of 
the [MO2] layers in LiMO2 is determined by the concentration of Li in the structure. In 
other words, in a fully de-lithiated reaction, the parent structure can undergo structural 
transition from ccp to hexagonal close packed (hcp) which will prevent the reversible 
cycling (charging-discharging) over fully lithiated (LiMO2) and de-lithiated (MO2) 
phases. Compared to the covalent nature of the M−S bond in dichalcogenides, the M−O 
bond in LiMO2 has more ionic character.
12b
 This ionic character can produce a negative 
charge on the MO2 layers which eventually creates a repulsion between the adjacent 
layers. Therefore positively charge cations are essential in between the adjacent layers to 
compensate the negative charge and finally the structural stability of partially lithiated 
LixMO2. At the same time, the high ionic nature of M−O bond allows to achieve higher 
redox couple for M
n+
/M
(n-1)+
 compared to the M
n+
/M
(n-1)+
 redox couple in LiMS2. Given 
these points, the research and development of layered oxide drove to introduce the first 
commercial Li-ion cell in 1991, by Sony using a graphite anode and a LiCoO2 cathode 
(for a so-called rocking chair battery, Figure 1.1) which still lead the lithium ion battery 
market in the world.  
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Poly-Anion Frameworks 
Layered oxide materials, LiMO2, provide a high cell voltage of ~ 4 V because of 
the highly oxidized redox couple associated with Co
3+/4+
, Ni
3+/4+
 and Mn
3+/4+
.
13a
 However, 
as mentioned in the previous paragraphs, it is recognized that these oxides can undergo a 
structural transition at a fully charged state due to the structural instability. This 
instability can give rise to a thermal runaway reaction within the cell causing heat 
production or fire.
13b
 Thus compounds containing poly-anions (that include the forms of 
PO4
3-
 as well as XO4
2-
, where X = S, Mo, W) have received a great deal of attention as 
cathode materials for future generation Li-ion batteries.
14a
 Usually, TM containing poly-
anion structures display a better Li-ion exchange capability compared to the LiMO2 
layered compounds. Conversely, TM poly-anion compounds show low energy density 
due to an increase in weight and low electronic conduction. Despite the negative impacts 
of poly-anion substitution, ongoing research is driven by the fact that these materials 
show significant increases in Li-ion mobility, a large increase in voltage, low-material 
cost, environmentally benign and high thermal stability.
14b
  
Remaining on the subject, for the first time in history, in the 1980s, Manthiram 
and Goodenough discovered the capability of Li-ion insertion of these poly-anion 
compounds. Furthermore, it is recognized that poly-anion-based structures display a large 
increase in voltage, typically about 1.5-2.0 V higher than their corresponding oxides. For 
example, the observed reduction potential of the Fe
3+
/Fe
2+
 couple in Fe-based poly-anion 
structures has been as high as 3.50 V (vs. Li
+
/Li
0
 for LiFePO4) whereas, in Fe
3+
/Fe
2+
 
oxides, the reduction potential is 1.23 V (vs. Li
+
/Li
0
). In the former case, strong 
13 
 
polarization of the oxygen atom toward the P
5+
 cation in the PO4
3-
 poly-anion group, 
referred to as the inductive effect, can subsequently lower the covalent component in the 
Fe−O bond, causing a more positive Fe3+/Fe2+ reduction potential. As a result of this 
discovery, poly-anion based compounds are now considered to be one of the promising 
candidates for the development of future lithium-ion battery cathode materials.
15
  
Consequently, over the last few decades, Li-ion battery research has been focused 
on new frameworks containing mixed polyhedra. The most familiar frameworks in the 
literature are the NASICON (Na Super Ionic Conductor) structures, the olivine structures, 
and lithium pyrophosphates which have the general formulas, Na1+xZr2SixP3-xO12,
16a
 
LiMPO4
4b
 and, LiMP2O7 and Li2MP2O7
16b,c
 (M = Mn, Fe and Co). All of these structures 
have mixed MO6 octahedra and XO4 tetrahedra which are interconnected in such a way 
that they form three-dimensional frameworks with channels. Channels are a structural 
feature necessary for facile ion conduction. Additionally, several pseudo-binary iron 
phosphates, such as FePO4, Fe2PO5, Fe4(P2O7)3, Fe3P2O8 and Fe4P2O9
17-a-c
 have been 
characterized for their possible applications as cathode and/or anode materials. The 
reaction mechanisms (or oxidation/reduction potential) of these transition metal poly-
anion based compounds during the Li-ion insertion/de-insertion is determined by their 
structure and bonding. Given these points, Figure 1.5 focuses on the effect of the type of 
the framework on the oxidation reduction potential while the effect of the type of the 
poly-anion group and the effect of transition metal ion for the redox couple is shown in 
Figure 1.6.
7a-c
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Figure 1.5. Reduction potential of the Fe
3+
/Fe
2+
 relative to Li
+
/Li
0
 for different Fe−O−P 
framework suggesting an induction effect of the poly-anion framework for the 
reduction potential of Fe
3+
/Fe
2+
, see text.
 7a,b
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Figure 1.6. A Schematic energy diagram showing reduction potentials for different 
NASICON structures. Change of the poly-anion group and the change of the transition 
metal ion can change the reduction potential of the Fe
3+
/Fe
2+
 couple.
 7a,b
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TM poly-anion framework, and more specifically LiFePO4, was investigated as 
potential cathode material for Li-ion batteries for the first time by Goodenough and co-
workers in 1991. LiFePO4 adopts an olivine structure which is formed from a hexagonal 
close packed array of oxide ions where Fe
2+
 and Li
+
 cations occupy the octahedral sites 
(Figures 1.7 and 1.8). For further clarification, LiFePO4 has a 3-D framework comprised 
from FeO6 octahedra which are edge- and corner-shared to PO4 tetrahedra. This 
arrangement provides a channel structure where Li ions reside, as shown in Figures 1.7 
and 1.8. LiFePO4 has a reasonable capacity, 170 mAh/g, and furthermore low material 
cost, low toxicity, and relatively high thermal stability. These qualities make it a potential 
candidate for cathode materials. However, its implementation is hampered by a lack of 
electrical conductivity. Much effort has been placed on the development of new 
processing techniques utilized to overcome the LiFePO4 inadequacies in electrical 
conductivity. Some examples of these techniques include carbon coatings, mechanical 
grinding, and low-temperature synthesis routes to obtain tailored particles. 
7a-c
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Figure 1.7. Projected view of LiFePO4 structure showing along b-axis. 
 
 
 
 
 
 
 
18 
 
 
Figure 1.8. Partial polyhedral view of LiFePO4 structure showing along c-axis. 
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Upon continuing the application of TM poly-anion compounds in the Li-ion 
battery field, alkali metal pyrophosphates based on poly-anion frameworks have also 
been proposed as new cathode materials for Li-ion secondary batteries. The LiMP2O7 (M 
= V and Fe) family was introduced for the first time in the early 2000s as a potential 
cathode material to the battery research world.
18a
 These materials were eventually 
disapproved due to the lower reversible capacity (as well as high molecular weight) and 
the lower operating voltages.
18b
 Almost a decade later, in 2010, Nishimura et al. reported 
a new di-lithium iron pyrophosphate, Li2FeP2O7 with a capacity of 110 mAh/g achieved 
under C/20 rate with an oxidation reduction potential of ~ 3.5 V, making this the highest 
redox potential among the all Fe-based compounds.
18c
 Li2FeP2O7 shows a high thermal 
and chemical stability, facile synthesis, 2-D channeled structures with a possible two-
electron reduction in discharging (from Fe
III
P2O7 to Li2Fe
II
P2O7). This finding ultimately 
led to the investigation of the cathode material, Li2CoP2O7 (4.9 V), by Kim et al in 
2011.
18d
 Moving to the crystal structure of Li2FeP2O7 in detail, Figure 1.9 illustrates the 
crystal structure of Li2FeP2O7 which crystalizes in monoclinic space group: P21/c. There 
are two crystallographically distinct Fe sites, where one forms an FeO6 octahedral (oct) 
and the other one forms the distorted trigonal bipyramidal FeO5 (tbp). Oct-FeO6 and tbp-
FeO5 forms Fe2O9 dimers via edge-sharing. These Fe2O9 dimers through interlinking by 
sharing terminal oxygen atoms with P2O7 groups to give a channeled structure where Li-
ions reside. These channels propagate along the a- and b-axis. As mentioned earlier this 
material delivers a 110 mAh/g capacity at C/20 rate with a redox plateau ~3.50 V which 
is the highest reported voltage for all Fe-phosphate compounds so far, and the capacity 
20 
 
accounts for one Li-ion per formula unit. 2011 Zhou et al. showed that the second Li-ion 
reduction (Fe
3+
/Fe
4+
) can be theoretically observed at 5.20 V using ab-initio calculations 
with a theoretical capacity of 220 mAh/g. However, the absence of suitable electrolytes at 
this voltage and instability of Fe
4+
 limit the two electron reduction of Li2FeP2O7. Another 
important feature of the charge-discharge profile of Li2FeP2O7 is the difference between 
first charge and the subsequent cycles, as shown in Figure 1.10. Nyten et al. reported a 
similar situation for LiFeSO4 in 2005 which could be due to the irreversible structural 
change (or partial migration of Fe into another crystallographic site) after the first charge 
to 4.5 V. In any event, the structural versatility and the endless opportunities for new 
phase formation within the poly-anion systems entice the continued research that may 
shed light on the development of Li-ion batteries.
19a,b
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Figure 1.9. Projected view of Li2FeP2O7 structure showing along c-axis. 
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Figure 1.10. Charge-discharge profile of Li2FeP2O7, the voltage cutoff value is 4.5 V 
and the first charge is different from the subsequent cycles indicating an irreversible 
structural change after first charge. The inset shows the capacity vs. different scan 
rates.
16
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Na-Ion Batteries 
Because energy storage has become a key challenge in the 21
st
 century, scientists 
are tasked with discovering new and more efficient methods for creating portable energy 
storage devices. The popularity of Li-ion batteries continues to grow as they are 
developed for EV applications which increases the demand for Li-ion battery production 
by at least one order of magnitude from what it is presently. Additionally, batteries are 
extremely important for secondary storage in the solar radiation and wind farms, 
alternative forms of energy that will likely become more popular as conventional energy 
production methods become obsolete. However, use of Li-ion batteries in all these 
different applications can be limited by the (lack of) availability of Li around the world. 
Therefore the development of large scale Li-ion batteries has to be reconsidered due to 
the limited availability of Li and hence the future cost of Li. In the hope of filling this 
new demand, scientists have begun to look for new energy storage systems which are 
cheaper and readily available for large scale applications.
20a-c
 
Pursuing this further, Table 1.1 summarizes the main properties of Li and Na 
which are important in battery applications. In addition to the parameters mentioned in 
Table 1.1, which summarizes the comparison in terms of the benefits and problems found 
in both batteries, there are some other advantages found in Na-ion batteries over Li-ion 
batteries: 1) since Na and Li intercalation chemistry are very similar, it is possible to 
employ similar materials in both systems; 2) Na has a higher half-cell potential (Na
+
/Na
0
) 
than Li
+
/Li
0
 with respect to the standard hydrogen electrode; therefore, water-based 
electrolytes can be used making the Na-ion battery safer and cheaper than Li-ion 
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batteries; 3) use of cheaper current collectors where Cu current collectors can be avoided, 
and Al can be used instead for Na batteries due to the lower electrochemical window; and 
4) ultra-dry fabrication methods will not be essential in the battery preparation as is the 
case for Li-ion batteries. On the other hand, Na-ion batteries will always have lower 
capacities (or lower energy densities) compared to the Li-ion batteries because equivalent 
weight is higher in Na than in Li. Besides the difference of the equivalent weight, Na has 
a higher half-cell potential (Na
+
/Na
0
) than Li
+
/Li
0
 so that Na-ion batteries will suffer 
lower operating voltages compared to Li-ion batteries.
20a-c
 
Table 1.1 Properties of Na vs Li. 
 
 
 
 
 
 
 
Characteristics Na Li 
Price for carbonates in battery grade per ton $150 $5000 
Voltage vs SHE, V -2.7 -3.0 
Atomic weight, g mol
-1
 23 6.9 
Capacity, mAhg
-1
 1165 3829 
Coordination preferences 
Octahedral 
and prismatic 
Octahedral and 
tetrahedral 
Cation radius, Å 1.06 0.76 
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Figure 1.11 illustrates the capacities and operating voltages of the most studied 
cathodic and anodic materials for Na-ion battery applications.
20a
 Transition metal based 
phosphate materials will be the first choice as the cathodic materials for Na-ion batteries. 
For instance, Na3M2(PO4)3,
21a
 NASICON type structures are promising cathode 
materials. For further discussion of NASICON type compounds, Na3V2(PO4)3 was the 
first NASICON-typed material to test as a cathode for Na-ion batteries and was followed 
by Na3Fe2(PO4)3.
21a-c
 These two compounds have a capacity of 96 mAh/g and 45 mAh/g, 
respectively, compared to their theoretical capacities of 118 mAh/g and 112 mAh/g. In 
addition to NASICON type structures, alluaudite framework compounds such as 
Na2MnFe2(PO4)3 were studied. Na2MnFe2(PO4)3 shows a capacity of 100 mA/g 
(theoretical capacity is 108 mAh/g) and an average voltage around 3.2 V. In conclusion, 
commercialization of Na-ion batteries will be a daunting challenge for scientists as much 
effort has to be focused on the development of electrode and electrolyte materials, for 
instance, facile synthesis, toxicity, safety, duration, and low cost. 
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Figure 1.11. Reversible capacities with average oxidation/reduction potentials for most 
studied anodic and cathodic materials for Na-ion battery applications.
20
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Proposed Research 
In any transition metal oxide system, it is well established that the addition of a 
hetero metal atom preferring different coordination or an atom from the neighboring main 
group elements can greatly enhance the structure versatility. These mixed polyhedral 
frameworks, many of which are of magnetic, catalytic, or electronic interest, have proven 
to be structurally rich, including channeled and layered structure types. The goal of this 
dissertation is to explore a new class of positive electrode materials promising for next 
generation Li-ion (secondary-rechargeable) batteries via high-temperature synthesis, 
crystal structure determination and physical property characterization using neutron, 
vibrational spectroscopy and finally electrochemical characterizations. The desired 
outcome is the development of new cathode materials that will provide a significantly 
increased capacity relative to LiFePO4 and Li2FeP2O7 while maintaining high rate and 
voltage, and showing a minimum capacity fade. Finally, upon studying new cathode 
materials, the structural and dynamic (with respect to Li transport) properties that give 
rise to these improvements may be further explored. 
The scope of this research is twofold: 1) to explore new channeled and layered 
solids in the MOn/XOm mixed poly-anion system (where M = V, Mn, or Fe and X = P 
and As), 2) to characterize the resulting solids through structural, spectroscopic, thermal, 
magnetic, and electrochemical property measurements. The electrochemical 
characterization of newly synthesized materials involves the determination of cell voltage 
and electrode stability and capacity. 
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The reported intercalation compounds, where the Li-ion insertion and de-insertion 
is dictated by the redox chemistry of the transition metal ions, are primarily found in the 
A−M−X−O system, where A = alkali and alkaline-earth metal cations larger than Li-ion. 
These large templating cations allow the formation of new framework materials that 
cannot be initially formed with Li, Figure 1.12. It is thought that large cation templation 
will likely render rigid structures that are not likely to contract upon Li-ion insertion, 
providing facile Li-ion diffusion/transport. Besides having the poly-anion groups (which 
creates the inductive effect), it is important to look at the M−O connectivity of the 
structure because the M−O connectivity influences the electrical conductivity properties 
of the material. As shown in Figure 1.13, MO6 octahedra can be either isolated, or corner-
shared, edge-shared and face-shared to form dimers, trimmers, oligomers, 1-D chains, 2-
D sheets or 3-D networks of M−O−M, Figure 1.14. In such systems, it is believed that the 
2-D and 3-D nature of M−O−M could offer improved electrical properties. Additionally, 
it has been proven that Li2MP2O7 (M = Mn and Fe) shows high oxidation reduction 
potential due to the presence of M2O9 dimers (structure was discussed above) made from 
edged-shared oct-MO6 and tbp-MO5. Therefore another target of this dissertation work 
was to synthesize structures with 2-D and 3-D M−O−M made of edged-shared oct-MO6 
and/or tbp-MO5.  
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Figure 1.12. Schematic diagram showing: (a) the transition metal poly-anion framework 
templated by large cations, (b) lithiated transition metal poly-anion framework after the 
ion exchanged reaction 
30 
 
  
Figure 1.13. Connectivity of MO6 octahedra: (a) isolated, (b) vertex-sharing, (c) corner-
sharing, (e) edge-sharing and (d) face sharing.  
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Figure 1.14. Possible M−O−M connectivity: (a) dimers, (b) trimmers, (c) oligomers, (d) 
1-D chains, (e) 2-D sheets and (f) 3-D network. 
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In the synthesis of TM-based poly-anion frameworks, Fe-containing compounds 
were mainly explored due to several other reasons. Partially, Mn-based poly-anion 
frameworks do not show good electrode-electrolyte compatibility, especially Mn
2+
 in the 
presence of EC/DMC electrolytes. For example, LiMn2O4 undergoes a disproportionation 
reaction with the electrolyte (2Mn
3+
 = Mn
2+
 + Mn
4+
) where Mn
2+
 can easily migrate to 
the anode through the electrolyte and blocks the Li-ion migration as well as the Li-ion 
insertion which eventually can lead to an irreversible capacity loss.
7a-c
 Another 
disadvantage of having Mn in the structure is the Jahn-Teller distortion of Mn
3+
 (d
4
), so 
the charge-discharge (Mn
3+
/Mn
2+
) can cause a volume fluctuation during the cycling 
which will eventually destroy the integrity of the cathode thus the battery. Therefore, this 
dissertation mainly focuses on synthesis of iron-containing compounds. With the use of 
Fe-based compounds, particular attention has to be made on the geometry or the 
coordination number of the FeOn polyhedra. Iron can form different geometries in 
different structures; FeOn where n = 4, 5 and 6. Iron in its four coordination is 
electrochemically inactive because Fe
2+
 is unstable in such a tetrahedral environment, 
therefore the electrochemical activity of the Fe
3+
/Fe
2+
 redox pair is restricted to 
octahedral coordination. In conclusion, structures having FeOn where n = 5 and 6 will 
only be suitable for electrochemical studies. 
10a-b
 
While idealized approach achieved to synthesize compounds in the A−M−X−O 
systems targeting Li- and Na-ion battery applications, interesting low-dimensional 
magnetic nanostructures were also isolated and and their magnetic properties were 
investigated. In this particular research, M−O−M and M−O−X connectivity are critical to 
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the acquired magnetic nano-structures that are structurally isolated by poly-anion groups. 
Additionally comparative studies were conducted through the synthesis of iso-structures 
which allowed understanding the contribution of different magnetic ions for certain 
magnetic properties. Microscopic understanding of these unusual magnetic phenomena 
was studied using neutron powder diffraction.  
In this dissertation, Chapter 2 will cover the general synthesis and characterization 
procedures employed in this research work. Furthermore, the compounds reported in 
Chapters 3, 4, and 5 are focused on the synthesis, ion exchange and electrochemical 
characterization of new iron-containing phosphate open-framework structures. All the 
compounds reported in Chapter 3-5 share the common feature by having a 3-D 
framework comprised of A−M−P−O. Here structure and property correlation was 
conducted to achieve a higher oxidation-reduction potential in battery testing. Chapter 6 
highlights a new synthetic approach to achieve A2Fe2O(AsO4)2, where A = K and Rb, 
family of compounds and study of macroscopic magnetic property and, followed by a 
microscopic understanding of these interesting magnetic phenomena. Chapter 7 
concentrates on synthesis and magnetic property characterization of several mixed 3d-4f, 
heterometllic compounds having common structural feature of iron-tetrameric units with 
isolated 4f ions. Additionally synthesis and structure characterization of series of 
compounds having only the iron-tetrameric units are discussed. And finally, Chapter 8 
elucidates the conclusion and future direction of the studies presented here.  
 
 
34 
 
Literature Cited 
1. West, A. R. Solid State Chemistry and Its Applications; John Wiley & Sons: New 
York, 1996. 
 
2. Cross, L. E.; Newnham, R. E. Ceramics and Civilization, Vol. III, ed. Kingery, 
W. D., The American Ceramic Society Inc.: Ohio, 1987, 289-291. 
 
3. (a) Geusic, J. E.; Marcos, H. M.; van Uitert, L. G. Appl. Phys. Lett. 1964, 4, 182-
184. 
 
(b) Pickett, W. E. Rev. Mod. Phys. 1989, 61, 433-512. 
 
(c) Jin, S.; Tiefel, T. H.; McCormack, M.; Fastnacht, R. A.; Ramesh, R.; Chen, L. 
H. Science 1994, 264, 413-415. 
 
4. (a) Song, Y.; Zavalij, P. Y.; Suzuki, M.; Whittingham, M. S. Inorg. Chem. 
2002, 41, 5778-5786. 
 
(b) Padhi, A. K.; Nanjunclaswamy, K. S.; Masquelier, C.; Okada, S.; 
Gooclenough, J. B. J. Electrochem. Soc. 1997, 144, 1609-1613. 
 
(c) Okada, S.; Nanjundaswamy, K. S.; Manthiram, A.; Goodenough, J. B. 
Presented at the 36
th
 Power Sources Conference, Cherry Hill, NJ, June 6-9, 1994. 
 
5. (a) Skintuna, B.; Lamari‒Darkrim, F.; Hirscher, M. Int. J. Hydrogen Energ. 2007, 
32, 1121-1140. 
 
(b) Singhal, S. C. Solid State Ionics 2000, 135, 305-313. 
 
(c) Li, B.; Wang, L.; Kang, B.; Wang, P.; Qui, Y. Sol. Energ. Mat. Sol. C. 2006, 
90, 549‒573. 
 
6. (a) Komissarova, L. N.; Zhizhin, M. G.; Filaretov, A. A. Russian Chemical 
Reviews 2002 71, 619-650. 
  
(b) Natarajan, S.; Mandal, S. Angew. Chem. Int. Ed. 2008, 47, 4798-4828. 
 
(c) Knobel, M.; Nunes, W. C.; Socolovsky, L. M.; BiasiE. D.; Varg, J. M.; 
Denardin, J. C. J. Nanosci. Nanotechnol. 2008, 8, 2836-2857. 
 
7. (a) Goodenough, J. B.; Kim, Y. Journal of Power Sources 2011, 196, 6688-6694. 
 
(b) Goodenough, J. B.; Kim, Y. Chem. Mater. 2010, 22, 587-603. 
35 
 
 
(c) Hong, Y.-P. Mat. Res. Bull. 1976, 11, 173-182. 
 
8. Smalley, R. E. MRS Bull. 2005, 30, 412-417. 
 
9. (a) Tarascon, J. M. Phil. Transac. A 2010, 368, 3227-3231. 
 
(b) Armand, M.; Tarascon, J. M. Nature 2008, 451, 652-655. 
 
10. (a) Lu, L.; Han, X.; Li, J.; Hua, J.; Ouyang, M.; Journal of Power Sources 2013, 
226, 272-288. 
 
(b) Scrosati, B.; Garche, J. Journal of Power Sources 2010, 195, 2419-2430. 
 
11. (a) Whittingham, M. S. U.S. Patent 4009052 and U.K. Patent 
1468416, 1973. 
 
(b)Whittingham, M. S. Science 1976, 192, 1126-1131. 
 
(c) Whittingham, M. S. Chemtech 1979, 9, 766-773. 
 
(d) Whittingham, M. S.; Chianelli, R. R. J. Chem. Educ. 1980, 57, 
569-573. 
 
(e) Whittingham, M. S.Chem. Rev. 2004, 104, 4271-4301. 
 
12. (a) Mizushima,K.; Jones,P. C.; Wiseman, P. J.; Goodenough, J. B.; Mater. Res. 
Bull. 1980, 15, 783-788. 
 
(b) Patil A. Mater. Res. Bull. 2008, 43, 1913–1942. 
 
(c) Thackeray, M. M.; David, W. I. F.; Bruce, P. G.; Goodenough, J. B. Mater. 
Res. Bull. 1983, 18, 461-468. 
 
13.  (a) Xu, B.; Qian, D.; Wang, Z.; Meng, Y. S. Materials Science and Engineering 
2012, R-73, 51–65. 
 
(b) Lu L.; Han, X.; Li, J.; Hua, J.; Minggao, O. Journal of Power Sources 2013, 
226, 272-288. 
 
14. (a) Zhou, H.; Upreti, S.; Chernova, N. A.; Hautier, G.; Ceder, G.; Whittingham, 
M. S. Chem. Mater. 2011, 23, 293–300. 
 
36 
 
(b) Parka, P.; Zhanga, X.; Chunga, M.; Lessa, G. B.; Sastrya, A. M. Journal of 
Power Sources 2010, 143, 3501-3523. 
 
15. Masquelier, C.; Croguenne, L. Chem. Rev. Articles ASAP. 
 
16. (a) Hong, Y.-P. Mat. Res. Bull. 1976, 11, 173-182. 
 
(b) Okada S.; Sawa, S.; Egashira, M.; Yamaki, J.-I.; Tabuchi, M.; Kageyama H.; 
Konishi, T.; Yoshino, A. Journal of Power Sources 2001, 97, 430-432. 
 
(c) Etacheri, V.; Marom, N.; Elazari, M. Salitra, G.; Aurbach, D. Energy Environ. 
Sci., 2011, 4, 3243-3262. 
 
17.  (a) Delacourt, C.; Poizot, P.; Tarascon, J.-M.; Masquelier, C. Nat. Mater. 2005, 4, 
254-260. 
 
(b) Nolis, G. M.; Omenya, F.; Zhang, R.; Fang, B.; Upreti, S.; Chernova, N. A.; 
Wang, F.; Graetz, J.; Hu, Y.-Y.; Grey, C. P.; Whittingham, M. S. J. Mater. Chem. 
2012, 22, 20482−20489. 
 
(c) Kim, J.; Park, K.-Y.; Park, I.; Yoo, J.-K.; Hong, J.; Kang, K. J. Mater. Chem. 
2012, 22, 11964−11970. 
 
18. (a) Barker, J.;  Gover, R. K. B.; Burns, P.; Bryan, A. Electrochem. Solid-State 
Lett. 2005, 8, A446. 
 
(b) Lii, K. H.; Wang, Y. P.; Chen, Y. B. J. Solid State Chem. 1990, 86, 143-148. 
 
(c) Patoux, S.; Masquelier, M. Chem. Mater. 2002, 14, 5057-5063. 
 
(d) Uebou, Y.; Okada, S.;Egashira, K.; Yamaki, J.I.; Solid State Ion. 2002, 
148, 323-328. 
 
19. (a) Barpanda, P.; Nishimura, S.; Yamada, A. Adv. Energy Mater. 2012, 2, 841-
859. 
 
(b) Clark, J. M.; Nishimura, S.; Yamada, A.; Islam, M. S. Angew. Chem. 2012, 
124, 13326-13330. 
 
20. (a) Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K. B.; Carretero-Gonz, J.; 
Rojo, T. F. Energy Environ. Sci., 2012, 5, 5884-5901. 
 
(b) Kim, S.-W.; Seo D.-H.; Ma X.; Ceder, G.; Kang, K. Adv. Energy Mater. 2012, 
2, 710-721. 
37 
 
 
(c) Slater, M. D.; Kim, D.: Lee, E.; Johnson, C. S. Adv. Funct. Mater. 2012, 109, 
1-12. 
 
21. (a) Lim, S. Y.; Kim, H.; Shakoor, R. A. Jung, Y.; Choi J. W. J. Electrochem. Soc. 
2012, 159, A1393-A1397.  
 
(b) Kim, D.; Lee, E.; Slater, M.; Lu, W.; Rood, S. Johnson, C. S. Electrochemistry 
Communications, 2012, 18, 66-69. 
 
(c) Barpanda, P.; Ye, T.; Nishimura, S.; Chung S.-C.; Yamada, Y.; Okubo, M.; 
Zhou, H.; Yamada, A. Electrochemistry Communications, 2012, 24, 116-119. 
 
(d) Kim, H.; Shakoor, R. A.; Park, C.; Lim, S. Y.; Kim, J.-S.: Jo, Y. N.; Cho, W.; 
Miyasaka, K.; Kahraman, R.; Jung, Y.; Choi, J. W. Adv. Funct. Mater. 2013, 23, 
1147-1155. 
 
(e) Kim, H.; Park, I.; Seo, D.-H.; Lee, S.; Kim, S.-K.; Kwon, W. J.; Park, Y.-U.; 
Kim, C. S.; Jeon, S.; Kang, K. J. Am. Chem. Soc. 2012, 134, 10369-0372. 
 
(f) Nose, M.; Nakayama, H.; Nobuhara, K.; Yamaguchi, H.; Nakanishi, S.; Iba, H. 
Journal of Power Sources, 2013, 234, 75-179. 
 
(g) Trad, K.; Carlier, D. Croguennec, L.; Wattiaux, A.; Amara, M. B.; Delmas, C.; 
Chem. Mater. 2010, 22, 5554-5562. 
 
 
 
 
 
 
 
 
 
 
38 
 
CHAPTER TWO 
EXPERIMENTAL METHODS 
 
Solid-state chemistry is often dependent upon the synthesis of new materials with 
targeted physical phenomena. These materials have been employed in widespread of 
applications, such as, magneto-resistive materials, dielectric materials, energy storage 
materials and ferroelectric materials. As a result, synthesis and property characterization 
of solid-state materials have attracted a considerable attention among the scientific 
community. Sol-gel, electrochemical, microwave, vapor deposition and flux growth 
methods are some of the common synthetic routes that can be utilized in the synthesis of 
solid-state materials. 
In a traditional high temperature solid-state reaction, reactants are mixed in a pre-
determined stoichiometric ratio and heated to high temperatures. In the designing of new 
materials, purposeful changes in the stoichiometry are essential. Additionally, different 
product distribution and various dimensionality of the structures can sometimes be 
obtained by changing the composition and reaction temperatures. Since the kinetics on 
the atomic scale is too slow, high temperature is a must. The increase in temperature can 
facilitate faster diffusion and allow for the chemical species to react and form products. 
Additionally, traditional grinding or ball milling is equally important in order to increase 
the chance of particle mixing which, in turn, increases the probability of a reaction 
happening at high temperatures.
1
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Generally speaking, exploratory synthesis using solid-state molten salt flux can 
often times result in new structures with rich coordination chemistry.
2
 Clearly, the 
exploratory synthesis leads to discovery of new materials rather than design of new 
materials, especially in the scenario of complex structures. Nevertheless, once 
exploratory reactions produce a new structure (parent structure), 2
nd
 and 3
rd
 generation 
structures of the parent compound can be successfully synthesized which eventually 
enable for a systematic study. Moreover, after the structure and property correlations of 
the parent compounds, one can change the structure through chemical substitution to fine 
tune the properties of the parent compound. 
After the synthesis, structure characterization can be carried out using single 
crystal X-ray diffraction and powder X-ray diffraction, and these techniques enables us to 
determine the exact atomic positions of the elements within the structure and finally the 
chemical formula of the structure. In conclusion, it is important to study the structure 
thoroughly and understand the bonding nature between the atoms before performing the 
physical property characterizations (electric, magnetic and optical property). This chapter 
emphasizes the general synthetic methods employed in the discovery of new materials 
and followed by the characterization methods used to characterize the physical properties 
of new materials. 
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Reaction Procedure 
This dissertation focuses on the synthesis of iron phosphates and arsenate based 
compounds. Additionally, iron and lanthanide mixed compounds were also synthesized. 
All the reactions were performed employing high-temperature, solid-state methods. Most 
of the reactants used in this research are air/moisture sensitive; therefore they were stored 
in a nitrogen filled dry box manufactured by Mbraun. Because of the moisture/air 
sensitivity of reactants, reactions were also loaded inside the dry-box. Several items were 
used to prepare the reactions; mortars, pestles, aluminium foil, kim-wipes, fused-silica 
ampoules and transfer adaptors. These items were dried ~ 100 °C in an oven before 
pumping into the dry-box. Additionally, all the chemicals (especially salts) were dried 
under the vacuum ~ 150 °C. Depending upon the size of the setup, small or large anti-
chambers can be utilized to pump into the dry-box. Moreover, thirty and sixty minute 
evacuation is necessary in the small and large anti-chambers, respectively. Reactants 
were weighed using an OHAUS analytical micro balance where they were mixed and 
ground using mortar and pestle for 15 minutes until the reactants appeared to be a 
homogeneous fine powder. After the completion of grinding, reactants were loaded into 
the quartz ampoules and connected to the transfer adaptors. After that, the ampoules were 
evacuated on the vacuum line before being sealed using an acetylene torch. After sealing 
the reaction ampoules, they were heated in box furnaces to a pre-determined temperature. 
A typical program is like heating to 700-800 °C at a rate of 1 °C min
-1
, isothermed for 2-4 
days and slowly cooled down to 400-300 °C at a rate of 0.1-0.05 °C min
-1
 and finally 
furnace cooled to room temperature and the highest temperature is dependent on the 
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melting point of the eutectic flux and it is usually 150 
o
C above the melting point of the 
salt. 
Most of the time, reaction ampoules (quartz tubes) were not carbon coated. 
Carbon coating is necessary under some conditions to prevent the reaction between the 
tube and the reactants (mostly molten salt) which can lead to the inclusion of silicon 
oxide into products and sometimes tube explosions can occur. It was necessary to use 
carbon coated tubes for iron-lanthanide mixed reactions as lanthanide oxides tend to react 
with the fused silica. Carbon coating was obtained by the pyrolysis of acetone according 
to the following procedures. First, 3-4 mL of acetone was poured into the quartz tube and 
poured out. After that, the bottom two inches of the tubes were placed in the open flame 
with uniform up and down movement until a complete coating was formed and this was 
performed three times to achieve a uniform coating around the bottom of the tube.  
Most of the time a eutectic salt flux was employed in all exploratory single crystal 
growth reactions. All the chemicals (oxides) that were used in the reactions have high 
melting points and therefore the use of the eutectic flux was necessary to achieve a 
molten region where the crystal growth can occur. In this situation, a eutectic flux is a 
combination of two salts having two different cations and/or anions. In a particular molar 
ratio, these two salts can lower the lattice energy which results in a lower melting point 
compared to their original melting points. The melted salt flux at high temperature can 
essentially provide the medium (act as a solvent) to mix the reactants.
2
  
In addition to the single crystal growth in sealed tube environment, open-tube 
reactions were also carried out, particularly in the high-yield synthesis of powder 
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samples. These reactions were loaded in the dry-box or outside depending upon the 
location of reactants. After grinding the reactants thoroughly, the reaction mixtures were 
loaded into quartz tubes or alumina crucible depending upon the quantity. Usually 
alumina crucibles were used to synthesize 5 g of the target phase. It should be noted that, 
faster cooling rates (2-5 °C min
-1
) were employed in the open reaction systems compared 
to the slower cooling rates in single crystals growth. In any event, the specific 
temperature programs are given under the synthesis procedure of each compound. 
Ion-Exchange Reactions 
Ion exchange was carried out in a Teflon lined autoclave under hydrothermal 
conditions in both single crystals and the polycrystalline samples. Generally speaking, 10 
mL of 1 M LiNO3 was used in the Li-ion exchange reaction at 200 °C for 12 hrs. The 
programmable box furnaces were utilized for this purpose as well. Since Teflon melts 
around 240 
o
C, ion-exchange reactions were conducted at temperatures lower than 200 
o
C. Furthermore, keeping the temperatures lower than 200 
o
C ensures that structure 
decomposition does not occur under ionic conditions.  After a successful ion exchange on 
single crystals, the polycrystalline samples were also subjected to the ion exchange. 
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Starting Materials 
Table 2.1 reports all of the chemicals used in synthesis. Additionally Table 2.1 
reports the purities, sources and the melting points of the chemicals.  
Table 2.1. Chemicals used as starting materials for high-temperature solid-state 
reactions.
3
 
Compounds 
Chemical 
Formula 
Source, purity 
MW, 
g/mol 
Melting 
points, ˚C 
Ammonium Arsenate, 
monobasic 
(NH4)H2AsO4 Alfa Aesar, 99.9% 158.97 300 
Ammonium 
Phosphate, monobasic 
(NH4)H2PO4 Aldrich, 99.9% 115.03 190 
Arsenic Penta-oxide As2O5 Aldrich, 98% 229.84 315 
Barium Chloride BaCl2 Aldrich, 99.9% 208.25 963 
Barium Oxide BaO Aldrich, 97% 153.34 1920 
Cesium Carbonate Cs2CO3 Alfa Aesar, 99.9% 325.82 610 
Cesium Chloride CsCl Alfa Aesar, 99.99% 168.36 646 
Cesium Nitrate CsNO3 Alfa Aesar, 99% 194.91 414 
Cobalt (II) Oxide CoO Alfa Aesar, 95% 74.93 1935 
Cobalt (II, III) Oxide Co3O4 Alfa Aesar, 99% 240.79 900(dec.) 
Chromium (III) Oxide Cr2O3 Alfa Aesar, 99% 151.99 2330 
Dysprosium Oxide Dy2O3 Alfa Aesar, 99% 373.00 2228 
Europium Oxide Eu2O3 Alfa Aesar, 99% 351.93 2291 
Iron (II) Oxide FeO Aldrich, 99.99% 71.85 1420 
Iron (III) Oxide Fe2O3 Alfa Aesar, 99.945% 159.69 1565 
Gadolinium Oxide Gd2O3 Alfa Aesar, 99% 362.50 2339 
Holmium Oxide Ho2O3 Alfa Aesar, 99% 377.86 2330 
Holmium Oxide Ho2O3 Alfa Aesar, 99% 377.86 2330 
Lithium Carbonate Li2CO3 MCB, 99% 73.89 618 
Lithium Chloride LiCl J. T. Baker, 99.8% 133.84 449 
Lithium Nitrate LiNO3 GFS Chemicals, 
99.5% 
68.95 255 
Lithium Oxide Li2O Strem, 99% 29.88 1700 
Lutetium Oxide Lu2O3 Alfa Aesar, 99% 397.93 2427 
Manganese (II) Oxide MnO Alfa Aesar, 99.5% 70.94 1785.0 
Manganese (III) 
Oxide 
Mn2O3 Aldrich, 99% 157.86 940 
Niodinium Oxide Nd2O3 Alfa Aesar, 99% 336.48 2233 
Phosphorus Penta-
oxide 
P2O5 Aldrich, 98% 141.94 580 
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Praseodymium Oxide Pr2O3 Alfa Aesar, 99% 329.81 2183 
Potassium Carbonate K2CO3 Mallinckrodt, 99% 138.21 891 
Potassium Chloride KCl Alfa Aesar, 99.9% 74.55 776 
Potassium Nitrate KNO3 Alfa Aesar, 99% 101.1 333 
Potassium Superoxide KO2 Alfa Aesar, 96.5% 71.1 380 
Rubidium Carbonate Rb2CO3 Alfa Aesar, 99.8% 230.95 837 
Rubidium Chloride RbCl Alfa Aesar, 99.8% 120.92 718 
Rubidium Nitrate RbNO3 Alfa Aesar, 99% 147.47 310 
Silver Oxide Ag2O Cerac, 99.5% 231.74 300(dec._ 
Samarium Oxide Sm2O3 Alfa Aesar, 99% 348.72 2269 
Sodium Oxide Na2O Alfa Aesar, 85% 61.98 1275 
Sodium Peroxide Na2O2 Aldrich, 97% 77.98 460 
Sodium Carbonate Na2CO3 Alfa Aesar, 99.95% 105.99 851 
Sodium Chloride NaCl Alfa Aesar, 99.9% 58.44 801 
Sodium Nitrate NaNO3 GFS Chemicals, 
99.9% 
84.99 308 
Strontium Chloride SrCl2 Alfa Aesar, 99.9% 158.33 874 
Strontium Oxide SrO Alfa Aesar, 99.9% 103.62 2531 
Vanadium (III) Oxide V2O3 Alfa Aesar, 99.9% 149.12 1970 
Vanadium (V) Oxide V2O5 Alfa Aesar, 99.6% 181.88 690 
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Characterization Techniques 
In solid-state chemistry, structure and property characterization is equally 
important as the synthesis. Single crystal and Powder X-ray diffraction can be used to 
determine the structure and purity of the synthesized phases. Property characterization 
methods include, UV/Vis spectroscopy, FTIR, thermal analysis, elemental analysis, 
magnetic properties, heat capacity and neutron powder diffractions (NPD). Magnetic 
property characterization and heat capacity was performed in collaboration with Dr. Jian 
He in Department of Physics and Astronomy, Clemson University, and Dr. Pramod 
Kumar in Institute of Information Technology Allahabad, India. Neutron Powder 
Diffraction (NPD) was conducted in two USA national laboratories, Oak Ridge National 
Laboratory at Oak Ridge and the Center for Neutron Research at National Institute of 
Science and Technology, at Gaithersburg. Electrochemical characterizations were 
performed with Dr. Jack Vaughey in Argonne National laboratory at Argonne. The 
following sections will describe the detailed information of the methods and 
instrumentations used in this dissertation work. 
Single Crystal X-ray Diffraction (SXRD): There exist many techniques for 
structure characterization but none of those techniques offer adequate precision when 
compared to SXRD. SXRD can be used to determine the atomic positions, crystal 
structure and by the same token chemical formula with currently unparalleled precision. 
As the properties of extended solids are highly dependent on the atomic positions and the 
bond distances, it is essential to determine the crystal structure before further property 
characterizations are done.  
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It is also important to have good quality and sizable single crystals for SXRD 
(crystals with well-defined faces with the size ranging from 0.1-0.3 mm). Sample 
preparation and careful analysis of the products of reactions will produce large, high-
quality crystals for SXRD analysis. Sample preparation is performed by selecting proper 
crystals and mounting them on a glass fiber with epoxy glue. Single crystal 
diffractometer is a four circle AFC8 diffractometer with a Mercury charge coupled 
detector (CCD) and the crystal to detector distance is 27 mm approximately. Graphite 
monochromated, Mo Kα wavelength of 0.71073 Å is used as the incident beam and 
typically measurements were conducted at room temperature. The data collection time is 
typically 3-12 hrs depending on the time per scattering image (a total of 480 images were 
collected for each sample). The exposure time is determined by the size and the quality of 
the single crystals. At the end of the data collection, CrystalClear
4
 (written by Rigaku) 
was used to process the data. The data processing creates the necessary data files 
including the atomic intensity file that can be used to achieve structure solutions using 
SHEXTL software package
5
. In addition, PLATON
6
 was used to determine and confirm 
the space group (higher symmetry) and the crystal system of the structure. 
Crystallographic data can be tested by running checkCIF. Finally Diamond 2.1
7
 was used 
to draw the structures. 
SXRD was also used to determine the axis of the oriented single crystals. Here 
crystals were mounted on the glass fibers using grease. Then, the crystals were exposed 
to a very long X-ray time ~300 s to generate axial images. After first axial image the 
crystal can be rotated by 90 degree angles to obtain the remaining two axes. 
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Powder X-ray Diffraction (PXRD): PXRD can be performed to determine the 
phase formation and to identify the sample purity. After achieving the single crystal 
structure solution using SXRD, stoichiometric reactions were carried out to obtain the 
polycrystalline samples. The purity of these reactions can be easily determined using 
PXRD. After taking the PXRD the observed PXRD pattern is compared with the 
calculated PXRD pattern obtained from the single crystal structure solution for phase 
identifications. PCW23
8
 program was utilized to obtain the calculated PXRD pattern 
based on the single crystal data. Additionally, Retvield refinements were achieved using 
GSAS
9
 and/or FullProf
10
 suit. This allowed us to determine the unit cell parameters from 
the observed PXRD pattern for the target phase.  
The PXRD data were collected using Rigaku Ultima IV diffractometer equipped 
with Cu Kα radiation of 1.5406 Å generated using a graphite monochromator. Each 
PXRD patterns were collected in the range of 5-65° 2θ with a scan speed of 0.1 seconds 
with a step size of 0.02°. PDXL
11
 software provided by Rigaku was used for further data 
analysis.  
In some cases high resolution powder diffraction was employed using mail-in 
service system available from the 11-BM beamline in the Advanced Photon Source at 
Argonne National laboratory in Argonne. for the sample preparation, 20-30 mg of the 
finely ground powder samples were loaded into Kapton capillary tubes (inner diameter 
0.80 mm) and sample was mounted on a secured base. Data collection was carried out at 
room temperature using an average wavelength of 0.413948 Å (Si(111) monochromator). 
Discrete detectors covering an angular range from -6 to 16° were used to scan 2θ over 
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34° range, with data points collected every 0.001
o
 and scan speed of 0.01
 o
 /s. A detailed 
description of the instrument is also available in the Ref. 12. The high resolution 11-BM 
data were subjected to Rietvield refinements using GSAS and FullProf software 
packages. 
Magnetic Measurements: Magnetic susceptibility measurements were 
performed in the form of ground single crystals (GSC) and aligned single crystals (ASC). 
Quantum Design MPMS-5S SQUID (Superconducting Quantum Interference Device) 
magnetometer and VSM (Vibrating Sample Magnetometer) were used for the 
measurements. DC magnetic measurements were performed within the temperature range 
of 2-300 K with an applied field over 1-5000 Oe. Field cooling (FC) and zero field 
cooling (ZFC) were also carried out for the materials showing ferro- or ferri-magnetic 
behavior. For ZFC measurements, samples were cooled from 300 K to 2 K without 
applying a magnetic field and data were collected upon heating. For FC, samples were 
cooled down to 2 K in the presence of the magnetic field and data were collected while 
warming up the sample. Additionally ZFC and FC measurements allowed to determine 
the thermomagnetic irreversibility of the systems, see Chapter six for further discussion. 
Materials with ferro- or ferri-magnetic behavior were also subjected to the field-
dependent studies. After studying the temperature-dependent magnetic susceptibility, 
field sweeps were carried out below and above the transition temperatures. Field sweeps 
cover the range of -5 T to 5 T (1 T = 10000 Oe). Furthermore, field sweeps were used to 
obtain the coercive field and the remnant magnetization, see Chapter six for further 
information. 
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AC susceptibility was carried out to observe any dynamic magnetic behavior 
associated with low-dimensional magnetic systems. AC measurements were carried out 
in the presence of zero applied DC field with a 3 Oe AC drive field using the frequency 
range over 1-1000 Oe.  
Neutron Powder Diffraction (NPD): Neutron diffraction or elastic neutron 
scattering is utilized to determine the atomic and the magnetic structure of a material. 
Similar to X-ray diffraction, in NPD a neutron beam (cold or thermal neutron depending 
upon the sample) is directed to the sample to be examined. Neutrons show different 
scattering factors with the atoms therefore they can deliver different information of the 
target phase. However, the techniques required in the neutron diffraction are much more 
complicated than in X-ray diffractions. For example, neutron diffraction needs a neutron 
generating source which is usually a nuclear reactor or a spallation source. Additionally, 
complex monochromators, filters and detectors are also essential. The intensity of the 
neutron beam is weak compared to the X-ray beam generated by a normal lab X-ray 
diffractomerter. Therefore, it is essential to have relatively large sample amounts and, for 
this reason, neutron diffraction is commonly performed on powder samples unless large 
single crystals which are big enough to cover the beam area ≥ 5 mm3 can be obtained. 
Furthermore, NPD carries several important advantages over X-ray diffraction: 1) 
Neutron diffraction allows for determination of lighter atoms such as hydrogen and 
lithium; 2) neutron can distinguish isotopes; 3) neutron diffraction can be utilized to 
determine the magnetic structure. 
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In this dissertation, neutron powder diffractions were utilized to determine the 
magnetic structure and as well as Li content in samples after the ion exchange. High 
resolution powder diffractometers available in Center of Neutron Research at National 
Institute of Science and technology (BT-1 diffractormeter) and HB-2A in High Flux 
Isotope Reactor (HFIR) at Oak Ridge National laboratory were used. Ref. 13 provides the 
detailed description of the instrumentation. For identification of Li content and the atomic 
position in the structure, NPD was conducted at room temperature using a wavelength of 
2.0787 Å. Magnetic structure determinations were performed using NPD at 4 K. In all of 
the cases, 2-5 g of powder samples were used for the measurements with vanadium or 
aluminum cans with a diameter of 1-3 mm.  
SEM and EDX Analysis: Scanning electron microscopy (SEM) was used to 
study the texture, topography and surface features of the single crystals. The chemical 
contents for this study are verified via semi-quantitative elemental analysis by the energy 
dispersive X-ray (EDX) spectroscopy using a Hitachi S-3400 scanning electron 
microscope equipped with an OXFORD EDX microprobe.  
Spectroscopic Characterization: Spectroscopic characterizations were 
performed on the ground single crystals and synthesized powder samples as well.  
IR spectrums were obtained using NICOLET Magna IR Spectrometer 550. Here the 
samples to be examined were mixed and ground together with KBr before pressing into 
pellets. These pellets were measured in the frequency range of 400 cm
-1
 to 4000 cm
-1
 
with a 4 cm
-1
 resolution and KBr pallet was used as a blank. 
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A 514.5 nm wavelength Ar laser (Innova 200, Coherent) was used with 15 mW to obtain 
the excitation of Raman scattering. A camera lens of f/1.2 in a 1808 backscattering 
geometry was used to collect the Raman scattering and analyzed by a triple spectrometer 
(Triplemate 1877, Spex) equipped with a charge-coupled device (CCD) detector (iDUS 
420 series, Andor) cooled to 60 °C. Typical spectra acquisition time was 10 s. The 
Raman spectrum of a 5:2 mixture of chloroform:bromoform was used for spectral 
calibration. A glass capillary holder was fabricated for suspending the polycrystalline 
sample of the title compound in such a way that the plane of the substrate was normal to 
the collection optics.  
Optical absorption spectra (UV-Vis) were obtained from a PC-controlled 
SHIMADZU UV-3100 UV/vis/near-IR spectrometer equipped with an integrating 
sphere. The ground single crystals smeared onto BaSO4 plates for data collection. The 
reflectance data was collected in the range of 200 nm (6.2 eV) to 2500 nm (0.5 eV) and 
converted to absorption by using the Kubelka-Munk Function.
14
 
Thermal Analysis: Thermal analysis was performed using the TA Instrument, 
TGA-DSC coupled SDTQ 600. Thermal Gravimetric Analysis (TGA) and Differential 
Scanning Calorimetric (DSC) were employed to observe the thermal stability and the 
phase transitions. Here, nitrogen was used as the flowing gas at a flow of 100 mL/min 
and, at a heating and cooling rate of 10 °C/min. 
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CHAPTER THREE 
LIXFePO4 (x = ~0.52): A NEW LITHIUM IRON(II,III) PHOSPHATE SYNTHESIZED 
via REDUCTION LI-ION INSERTION OF NEWLY EXPLORED RbxFePO4 (x = 0.41) 
UNDER HYDROTHERMAL CONDITIONS: A POSSIBLE CLASS OF CATHODE 
MATERIAL WITH HIGH CHARGING POTENTIAL OF 4.5 V 
 
Introduction 
Research and development of Li-ion rechargeable batteries has gained much 
attention due to the ever-growing demand to power portable devices such as cell phones, 
PDAs, laptops, and iPods. Additionally, Li-ion rechargeable batteries are being 
developed to employ in large scale applications such as transportation (hybrid electric 
vehicles (HEV), plug-in hybrid electric vehicles (PHEV), electric vehicles (EV)), and 
large scale electricity storages such as smart or intelligent grids.
1a
 The major challenges 
in adopting the technology for the large scale applications are the cost, safety, and cyclic 
stability of the currently used electrode materials.
1b
 
A typical Li-ion battery consists of a positive electrode made from a lithium-
containing transition metal oxide such as LiCoO2, Li[Ni,Mn,Co]O2 and LiMn2O4, and 
graphite as the negative electrode.
1c,d
 These metal oxides provide a high cell voltage of ~ 
4 V because of the highly oxidized redox couple associated with Co
3+/4+
, Ni
3+/4+
 and 
Mn
3+/4+
.
2a
 It is recognized that these oxides can undergo a structural transition and/or 
release oxygen at a fully charged state due to the structural instability. This instability can 
give rise to a thermal runaway reaction within the cell causing heat production or fire.
2b
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Compounds containing poly-anions based on XO4
2-
 (X = S, Mo, and W) and 
PO4
3-
 have received a great deal of attention as cathode materials for future generation Li-
ion batteries due to the combination of low-material cost and high thermal stability 
compared to the transition metal oxides.
3a
 For the first time in the 1980s Manthiram and 
Goodenough elucidated the capability of Li-ion insertion of these poly-anion systems.
3a
 
Also, poly-anion-based compounds display a large increase in voltage, typically about 
1.5-2.0 V higher than their corresponding transition-metal oxides.
3a
 For example, the 
observed reduction potential of the Fe
3+
/Fe
2+
 couple in iron poly-anion structures has 
been as high as 3.5 V (vs. Li
+
/Li
0
 for LiFePO4) whereas, in Fe
3+
/Fe
2+
 oxides, the 
reduction potential is 1.23 V (vs. Li/
+
Li
0
).
3b
 In the former case, strong polarization of the 
oxygen atom toward the P
5+
 cation in the PO4
3-
 poly-anion group, referred to as the 
inductive effect, can also subsequently lower the covalent component in the Fe−O bond, 
causing a more positive Fe
3+
/Fe
2+
 reduction potential. Based on this important 
recognition, poly-anion based compounds are now considered to be one of the promising 
candidates for the development of future lithium-ion battery cathode materials.
3b
  
Consequently, over the last few decades, Li-ion battery research has been focused 
on new frameworks containing mixed polyhedra.
3c,d
 The most familiar frameworks in the 
literature are the NASICON (sodium, Na, Super Ionic Conductor) structures, the olivine 
structures, and lithium pyrophosphates which have the general formulas, Na1+xZr2SixP3-
xO12,
3e
 LiMPO4 (M = Mn, Fe and Co)
3f
 and LiFeP2O7
3g
 and Li2FeP2O7
3h
, respectively. All 
of these structures have MO6 octahedra and XO4 tetrahedra which are interconnected in 
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such a way that they form three-dimensional frameworks with channels, where the 
channels are a structural feature necessary for facile ion conduction. 
Specifically, LiFePO4, the state-of-the-art material, although it is projected to be 
the cathode for the next-generation Li-ion batteries due to low cost, low toxicity, and 
relatively high theoretical specific capacity of 170 mAh/g, its implementation is 
hampered by a lack of electrical conductivity.
4a-c
 For poly-anion frameworks that show 
promise as possible positive electrode materials, like the olivine, much effort has been 
placed in the development of new processing techniques utilized to overcome their 
inadequacies in electrical conductivity. Some examples of these techniques include 
carbon coatings, mechanical grinding, and low-temperature synthetic routes to obtain 
tailored particles.
4d-f
 Additionally, several pseudo-binary iron phosphates, such as 
FePO4,
5a
 Fe2PO5,
5b
 Fe4(P2O7)3,
5b
 Fe3P2O8
5c
 and Fe4P2O9,
5d
 have been characterized for 
their possible applications as cathode and/or anode materials. The reaction mechanisms 
of these iron phosphates during the Li-ion insertion/de-insertion are different from one 
another due to their different crystal structures.  
Recently, we have begun to search for new electrode materials based on open-
framework solids. We have focused on environmentally friendly Fe(II,III) phosphate 
structures where the channel structures are ‘‘templated’’ by larger alkali metal cations 
than lithium.
6a,b
 These parent solids are then subject to lithium-ion exchange followed by 
electrochemical analysis. In addition, as illustrated in this chapter, we are exploring solids 
with improved electrical conductivity as a result of extended Fe‒O‒Fe connectivities 
within the structure. Overall, a more conductive electrode material will help to increase 
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the physical capacity by reducing the amount of carbon needed in these otherwise 
electronically insulating electrodes. Chapter 3 will focus on the synthesis and 
characterization of a new iron containing open framework structure RbxFePO4 (0.20 ≤ x 
≤ 0.50) that has a three-dimensional framework with interconnected, multi-directional 
channels. In this chapter I will mainly focus on the Li-ion exchange behavior of 
RbxFePO4 (x = 0.41) and its property characterizations, most notably the electrochemical 
studies. 
Synthesis and Characterization 
Synthesis of RbxFePO4 (x = 0.41) Single Crystals: Single crystals of RbxFePO4 
(x = 0.41) were grown using RbCl (99.8%), FeO (99.99%), Fe2O3 (99.945%) and P4O10 
(99.99%) as purchased from Alfa Aesar. The reactants were mixed and ground in a 
nitrogen-purged dry box. A total of approximately 0.8 g of reactants was mixed in a 
7:1:1:1 molar ratio. The reaction mixture was then sealed in an evacuated fused-silica 
ampoule and heated to 850 °C at 1 °C min
-1
, isothermed for two days before slow cooling 
to 300 °C at 0.1 °C min
-1
 followed by furnace cooling to room temperature. The 
crystalline phase was retrieved from the salt flux by washing the product with deionized 
water using a suction filtration method. Smaller black cubic crystals with an average 
dimension of 0.1 mm were isolated. The retrieved solid product was primarily the title 
phase. 
Synthesis of Polycrystalline Samples of RbxFePO4 (0.20 ≤ x ≤ 0.50): 
Polycrystalline sample of RbxFePO4, where x = 0.41 was made by using a high-
temperature, solid-state reaction of stoichiometric mixture of Rb2CO3 (99.8%), FeO 
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(99.99%), Fe2O3 (99.945%) and P4O10 (99.99%). The reactants were mixed in a ratio of 
0.206 : 0.412 : 0.293 : 0.250 (1.057 mmoles of Rb2CO3, 2.114 mmoles of FeO, 1.505 
mmoles of Fe2O3 and 1.281 mmoles of P4O10). The total amount of 0.5 g reactants were 
loaded into a quartz tube and sealed under the vacuum. This step was necessary to 
prevent the oxidation of Fe
2+
 to Fe
3+
 at high temperature. Also, it is noteworthy to 
mention that Rb2CO3 was used as a source of Rb2O, as this oxide is not readily available. 
However use of Rb2CO3 in a sealed tube environment prone to explosion. Therefore, a 
relatively longer ampoule was used in order to provide the enough space to gas 
evaluation without blowing the tube. It should be noted that, several attempts were made 
to synthesize Rb-containing precursors and, the phase formation was unsuccessful. In a 
similar fashion, RbxFePO4 solid solution series (0.20 ≤ x ≤ 0.50) was achieved within the 
range of 0.20 to 0.50 by changing the appropriate amount of the respective reactants in 
the reaction mixture. 
Single Crystal X−ray Diffraction (SXRD): The small black crystals were 
physically examined and selected under an optical microscope equipped with a polarizing 
light attachment. The SXRD data were collected at room temperature using a Rigaku 
Mercury CCD detector and an AFC-8S diffractometer equipped with graphite 
monochromated Mo Kα radiation (λ = 0.71073 Å). The structures were solved by direct 
method using the SHELEX-97 program and refined on F
2
 by least-squares, full-matrix 
techniques.
7
 Tables 3.1-3.5 summarize the crystallographic data, atomic coordinates, 
anisotrophic thermal parameters, selected bond distances and angles.  
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Powder X-Ray Diffraction: The phase formation was confirmed using the 
PXRD. Here, all the polycrystalline samples were characterized using Rigaku Ultima IV 
multipurpose X-ray diffraction system that is equipped with scintillation counter 
apparatus with Cu Kα radiation (1.5418 Å). The sample was examined in the 2θ range of 
5–65° with a 0.02° step size and scan speed of 0.1° per second (~10 hrs scan per sample). 
The powder X-ray diffraction (PXRD) pattern was refined using the general structure 
analysis system (EXPGUI/GSAS) program.
8
 
Additionally, high resolution synchrotron powder diffraction data were collected 
using beamline, 11-BM at the Advanced Photon Source (APS), Argonne National 
Laboratory for the RbxFePO4 (x = 0.41) sample. The data was collected using an average 
wavelength of 0.413948 Å and the sample was scanned over a 34º 2 range, with data 
points collected every 0.001º in 2 and scan speed of 0.01º/s. Rietveld refinement was 
achieved using EXPGUI/GSAS program.
8 
Resistivity and Thermoelectric Power Measurements: The DC electrical 
resistivity and thermoelectric power measurements were performed from 10-300 K 
temperature range. For the measurements, 1 g of Rb0.41FePO4 was pressed into a 0.5 inch 
diameter pellet applying a pressure of 7000 psi. After that the sample was sintered at 600 
°C for 5 min under the vacuum. A 2 x 2 x 8 mm pellet was cut from a sintered sample for 
the measurements.  
Li-Ion Exchange Reactions of Single Crystals of Rb0.41FePO4 and 
Polycrystalline Powder of Rb0.41FePO4: Ion-exchange of Rb0.41FePO4 single crystals 
were performed in 10 mL LiNO3 (1M) solution employing ~ 20 mg of single crystals at 
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200 °C. The reaction was carried out in a Teflon-lined hydrothermal bomb. Similar setup 
was used to perform the ion exchange of the polycrystalline powder of Rb0.41FePO4. This 
time 0.1 g of powder was used with 10 mL of 1 M LiNO3 at the same temperature.  
Neutron Powder Diffraction (NPD): NPD data was collected on the Li
+
-ion 
exchange powder sample of Rb0.41FePO4 using the high resolution neutron powder 
diffractometer, BT-1 at the Center for Neutron Research in the National Institute of 
Standard Technology (NIST). 2 g of ion exchange product was placed in 2 mm diameter 
cylindrical vanadium can. A Ge(311) monochromized beam ( = 2.0787 Å) was used 
with 60’ collimation prior to the monochromator. NPD data was collected at 280 K. 
Rietveld refinement was achieved using EXPGUI/GSAS
8a
 and Fullprof.
8b
 
Electrochemical Analysis: Electrochemical (ECHEM) property was investigated 
by employing the Li-ion exchanged product of Rb0.41FePO4. The chemical composition 
of the sample was Li0.52FePO4 according to the neutron diffraction studies, see below. To 
prepare the sample for the ECHEM analysis, 80% (by weight) of the active material was 
mixed with 10% poly(vinylidene difluoride) (PvDF) binder in n-methyl pyrrolidinone 
(NMP) in order to make the slurry, and ~10% carbon (50/50 mix of acetylene black and 
SFG-6 graphite) to enhance the conductivity. After that slurry was coated on the 
aluminum current collector. Approximately 6.2 mg cm
-2
 of active materials were used in 
the cathode electrode. Further, capacities was measured in 2032 button cells using a Li 
metal anode, Celgard 2325 PP/PE separators, and an electrolyte consisting of a 1.2 M 
LiPF6 solution of a 70/30 mixture (by weight) of ethylmethyl carbonate (EMC) and 
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ethylene carbonate (EC). Finally, ccycling was performed using MACCOR cyclers 
within the voltage window of 1–4.8 V with a 10 mA current. 
Spectroscopic Characterization: All the spectroscopic characterizations 
(FTIR, Raman and UV-vis) were performed according the procedures available in 
chapter 2. 
SEM and EDX Analysis: Scanning electron microscopy (SEM) was performed 
on both Rb0.41FePO4 single crystals and the polycrystalline samples to confirm the 
elemental composition. Furthermore, ion exchange single crystals of Rb0.41FePO4 and the 
powder samples were also subjected to the elemental analysis using energy dispersive X-
ray (EDX) spectroscopy, using a Hitachi S-3400 scanning electron microscope (SEM) 
equipped with an OXFORD EDX microprobe. 
Differential Scanning Calorimetric (DSC) and Thermal Gravimetric 
Analysis (TGA): Thermal analyses of Rb0.41FePO4 (10.92 mg) and its ion exchanged 
sample (19.92 mg) was performed from room temperature to 1000 °C by using TA 
Instrument, TGA-DSC coupled SDTQ 600 using nitrogen as the flowing gas at a flow of 
100 mL/min and at a heating rate of 10 °C/min. 
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Table 3.1. Crystallographic data for compound Rb0.41(2)FePO4. 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.0330P)
2
 + 11.3827 P]. 
 
 
 
 
 
 
 
 
Empirical formula Rb0.41(2)FePO4 
FW 186.08 
Crystal System monoclinic 
Crystal dimension, mm 0.09 x 0.08 x 0.07 
Space Group, Z C2/C (no. 15), 32 
T, °C 27 
a, Å 19.897(4) 
b, Å 14.867(3) 
c, Å 9.967(2) 
β° 119.15(3) 
V, Å
3 
2575.0(9) 
μ (Mo Kα), mm-1 11.211 
dcalc, g cm
-3
 3.840 
Data/restraints/parameters 2277/0/246 
Final R1, wR2
a
 [I > 2σ(I)], GOF 0.0348/ 0.0894/1.034 
Largest diff. peak/hole, e/ Å
3
 1.887/-2.245 
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Table 3.2. Atomic parameters for Rb0.41(2)FePO4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
atom Wyck. SOF x y z 
Rb(1) 8f 1.0 0.2974(1) 0.1809(1) -0.3272(1) 
Rb(2) 8f 0.37 0.4704(1) -0.0293(2) 0.4023(3) 
Rb(3) 8f 0.28 0.4613(2) -0.0632(2) 0.3258(3) 
Fe(1) 4e 1.0 0.5000 0.1817(1) 0.2500 
Fe(2) 8f 1.0 0.1728(1) 0.1896(1) -0.1006(1) 
Fe(3) 4e 1.0 0.5000 0.3034(1) -0.2500 
Fe(4) 8f 1.0 0.04235(1) 0.4360(1) 0.4081(1) 
Fe(5) 8f 1.0 0.2519(1) 0.0640(1) 0.2506(1) 
P(1) 8f 1.0 0.1438(1) 0.0404(1) -0.5889(1) 
P(2) 8f 1.0 0.3336(1) 0.0868(1) 0.0370(2) 
P(3) 8f 1.0 0.3936(1) 0.2132(1) 0.4177(1) 
P(4) 8f 1.0 0.4180(1) 0.3363(1) -0.0367(2) 
O(1) 8f 1.0 0.1695(2) 0.1508(2) 0.1019(1) 
O(2) 8f 1.0 0.1765(2) 0.0264(2) -0.4130(1) 
O(3) 8f 1.0 0.3015(2) 0.4059(2) -0.3772(1) 
O(4) 8f 1.0 0.4359(2) 0.2843(2) -0.1461(1) 
O(5) 8f 1.0 0.4268(2) 0.2201(2) -0.4079(1) 
O(6) 8f 1.0 0.3160(2) 0.1664(3) 0.3572(1) 
O(7) 8f 1.0 0.4386(2) 0.2848(2) 0.1119(1) 
O(8) 8f 1.0 0.2927(2) 0.1799(2) -0.0030(1) 
O(9) 8f 1.0 0.3766(2) 0.3076(2) 0.3404(1) 
O(10) 8f 1.0 0.3053(2) 0.0356(2) -0.1143(1) 
O(11) 8f 1.0 0.1250(2) 0.0499(2) -0.1769(1) 
O(12) 8f 1.0 0.4210(2) 0.0958(2) 0.1059(1) 
O(13) 8f 1.0 0.4309(2) 0.4077(2) -0.3723(1) 
O(14) 8f 1.0 0.3134(2) 0.0370(2) 0.1467(1) 
O(15) 8f 1.0 0.4607(2) 0.4275(3) -0.0027(1) 
O(16) 8f 1.0 0.4477(2) 0.1632(3) 0.3772(4) 
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Table 3.3. Anisotropic thermal parameters (Å
2
) for Rb0.41(2)FePO4. 
 
 
 
 
 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.0460(1) 0.0407(1) 0.0220(1) -0.0270(3) 0.0158(3) -0.0105(3) 
Rb(2) 0.0301(1) 0.0336(1) 0.0554(1) 0.0100(2) 0.0264(1) 0.0280(1) 
Rb(3) 0.0307(1) 0.0192(1) 0.0272(1) 0.008(1) 0.0054(1) 0.0027(1) 
Fe(1) 0.0073(1) 0.0075(1) 0.0067(1) 0.00000 0.0032(2) 0.00000 
Fe(2) 0.0086(1) 0.0112(1) 0.0066(1) -0.0004(2) 0.0034(2) 0.0001(1) 
Fe(3) 0.0072(1) 0.0088(1) 0.0058(1) 0.00000 0.0028(2) 0.00000 
Fe(4) 0.0079(1) 0.0094(1) 0.0074(1) 0.0001(2) 0.0034(2) -0.0002(3) 
Fe(5) 0.0076(1) 0.0075(1) 0.0070(1) 0.0011(2) 0.0033(2) 0.0007(3) 
P(1) 0.0074(1) 0.0076(1) 0.0061(1) 0.0002(2) 0.0031(2) -0.0006(1) 
P(2) 0.0075(1) 0.0068(1) 0.0082(1) -0.0005(2) 0.0041(2) -0.0014(1) 
P(3) 0.0078(1) 0.0077(1) 0.0064(1) -0.0001(2) 0.0037(3) -0.0001(1) 
P(4) 0.0074(1) 0.0084(1) 0.0071(1) -0.0004(2) 0.0040(3) -0.0008(1) 
O(1) 0.0078(1) 0.0096(1) 0.0075(1) 0.0034(1) 0.0040(1) 0.0028(1) 
O(2) 0.0091(1) 0.0102(1) 0.0090(1) -0.0007(1) 0.0053(1) 0.0021(1) 
O(3) 0.0155(1) 0.0115(1) 0.0104(1) -0.0012(1) 0.0078(1) 0.0007(1) 
O(4) 0.0120(1) 0.0111(1) 0.0100(1) -0.0008(1) 0.0064(1) -0.0027(1) 
O(5) 0.0136(1) 0.0087(1) 0.0062(1) -0.0043(1) 0.0038(1) -0.0013(1) 
O(6) 0.0101(1) 0.0170(2) 0.0170(2) -0.0024(1) 0.0057(17) -0.0037(1) 
O(7) 0.0122(1) 0.0112(1) 0.0088(1) 0.0034(1) 0.0053(1) 0.0015(1) 
O(8) 0.0108(1) 0.0098(1) 0.015(2) 0.0011(1) 0.0055(1) -0.0002(1) 
O(9) 0.0220(2) 0.0093(1) 0.0103(1) 0.0024(1) 0.0083(1) 0.0018(1) 
O(10) 0.0163(1) 0.0113(1) 0.0084(1) -0.0040(1) 0.0051(1) -0.0028(1) 
O(11) 0.0178(1) 0.0093(1) 0.0114(1) 0.0016(1) 0.0082(1) 0.0016(1) 
O(12) 0.0102(1) 0.0133(1) 0.0142(1) -0.0033(1) 0.0071(1) -0.0040(1) 
O(13) 0.0060(1) 0.0091(1) 0.0122(1) 0.0020(1) 0.0026(1) -0.0002(1) 
O(14) 0.0097(1) 0.0108(1) 0.0134(1) -0.0002(1) 0.0053(1) -0.0008(1) 
O(15) 0.0170(2) 0.0124(1) 0.0210(2) -0.0037(1) 0.0123(1) -0.0012(1) 
O(16) 0.0129(1) 0.0153(1) 0.0150(2) -0.0029(1) 0.0107(1) 0.0003(1) 
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Table 3.4. Selected bond distances for Rb0.41(2)FePO4. 
(a) 0.5-x, 0.5-y, -1-z; (b) 0.5-x, 0.5-y, -z; (c) x, -y, -0.5+z; (d) x, y, -1+z; (e) 1-x, -y, 1-z; 
(f) x, -y, 0.5+z; (g) 1-x, y, 0.5-z; (h) 1-x, -y, -z; (i) 1-x, y, -0.5-z; (j) x, y, 1+z; (k) x, 1-y, 
0.5+z; (l) x, 1-y, -0.5+z. 
 
 
 
 
Fe(1)O6 Fe(2)O6 Fe(3)O6 
Fe(1)−O(7)a 2.024(2) Å Fe(2)−O(1) 2.131(2) Å Fe(3)−O(4)c 2.016(2) Å 
Fe(1)−O(7) 2.024(2) Å Fe(2)−O(7)b 2.197(2) Å Fe(3)−O(4) 2.016(2) Å 
Fe(1)−O(12) 1.991(2) Å Fe(2) −O(8) 2.097(2) Å Fe(3)−O(5) 1.975(2) Å 
Fe(1)−O(12)a 1.991(2) Å Fe(2)−O(8)b 2.147(2) Å Fe(3)−O(5)c 1.975(2) Å 
Fe(1)−O(16)a 2.013(2) Å Fe(2 −O(9)b 2.095(2) Å Fe(3)−O(13)c 2.037(2) Å 
Fe(1)−O(16) 2.013(2) Å Fe(2)−O(11) 2.257(2) Å Fe(3)−O(13) 2.037(2) Å 
Fe(4)O6 Fe(5)O6 P(1)O4 
Fe(4)−O(2)b 2.089(2) Å Fe(5)−O(1) 2.046(2) Å P(1)−O(2) 1.559(2) Å 
Fe(4)−O(9) 2.087(2) Å Fe(5)−O(2)f 2.081(2) Å P(1)−O(3)g 1.514(2) Å 
Fe(4)−O(11)b 2.030(2) Å Fe(5)−O(3)b 2.057(2) Å P(1)−O(11)h 1.546(2) Å 
Fe(4)−O(13)d 2.162(2) Å Fe(5)−O(6) 1.938(2) Å P(1)−O(13)g 1.548(2) Å 
Fe(4)−O(15)a 2.025(2) Å Fe(5)−O(10)f 1.933(2) Å   
Fe(4)−O(15)e 2.195(2) Fe(5)−O(14) 1.989(2) Å   
P(2)O4 P(4)O4 P(4)O4 
P(2)−O(8) 1.555(2) Å P(3)−O(5)2 1.533(2) Å P(4)−O(1)b 1.546(2) Å 
P(2)−O(10) 1.531(2) Å P(3)−O(6) 1.524(2) Å P(4)−O(4) 1.514(2) Å 
P(2)−O(12) 1.533(2) Å P(3)−O(9) 1.557(2) Å P(4)−O(7) 1.535(2) Å 
P(2)−O(14) 1.528(2) Å P(3)−O(16) 1.516(2) Å P(4)−O(15) 1.548(2) Å 
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Table 3.5. Selected bond angles for Rb0.41(2)FePO4. 
O(12)−Fe(1)−O(12)g 100.3(2) O(1)−Fe(2)−O(7)a 66.40(1) 
O(12)−Fe(1)−O(16)g 85.82(1) O(8)i−Fe(2)−O(7)b 86.88(1) 
O(12)e−Fe(1)−O(16)g 84.16(1) O(9)b−Fe(2)−O(11) 75.37(1) 
O(12)−Fe(1)−O(16) 84.16(1) O(8)−Fe(2)−O(11) 106.89(1) 
O(12)g−Fe(1)−O(16) 85.82(1) O(1)−Fe(2)−O(11) 82.39(1) 
O(16)g−Fe(1)−O(16) 164.3(2) O(8)b−Fe(2)−O(11) 167.72(1) 
O(12)−Fe(1)−O(7)g 168.20(1) O(7)b−Fe(2)−O(11) 83.88(1) 
O(12)g−Fe(1)−O(7)g 89.53(1) O(9)b−Fe(2)−O(8) 109.09(1) 
O(16)g−Fe(1)−O(7)g 101.84(1) O(9)b−Fe(2)−O(1) 150.67(1) 
O(16)−Fe(1)−O(7)g 90.06(1) O(8)−Fe(2)−O(1) 95.43(1) 
O(12)−Fe(1)−O(7) 89.53(1) O(9)b−Fe(2)−O(8)b 113.13(1) 
O(12)g−Fe(1)−O(7) 168.20(1) O(8)−Fe(2)−O(8)b 79.30(1) 
O(16)g−Fe(1)−O(7) 90.06(1) O(1)−Fe(2)−O(8)b 86.50(1) 
O(16)−Fe(1)−O(7) 101.84(1) O(9)b−Fe(2)−O(7)b 92.09(1) 
O(7)g−Fe(1)−O(7) 81.6(2) O(8)−Fe(2)−O(7)b 157.94(1) 
O(5)−Fe(3)−O(5)b 102.3(2) O(15)g−Fe(4)−O(11)b 109.82(1) 
O(5)−Fe(3)−O(4)i 84.74(1) O(15)g−Fe(4)−O(9) 108.74(1) 
O(5)i−Fe(3)−O(4)i 85.14(1) O(11)g−Fe(4)−O(9) 80.63(1) 
O(5)−Fe(3)−O(4) 85.14(1) O(15)g−Fe(4)−O(2)b 152.43(1) 
O(5)i−Fe(3)−O(4) 84.74(1) O(11)b−Fe(4)−O(2)b 93.83(1) 
O(4)i−Fe(3)−O(4) 163.8(2) O(9)−Fe(4)−O(2)b 88.42(1) 
O(5)−Fe(3)−O(13)i 167.26(1) O(15)g−Fe(4)−O(13)j 90.91(1) 
O(5)i−Fe(3)−O(13)i 88.84(1) O(11)b−Fe(4)−O(13)j 158.39(1) 
O(4)i−Fe(3)−O(13)i 90.15(1) O(9)−Fe(4)−O(13)j 87.08(1) 
O(4)−Fe(3)−O(13)i 102.20(1) O(2)b−Fe(4)−O(13)j 67.97(1) 
O(5)−Fe(3)−O(13) 88.84(1) O(15)g−Fe(4)−O(15)k 77.66(1) 
O(5)i−Fe(3)−O(13) 167.26(1) O(11)g−Fe(4)−O(15)k 104.13(1) 
O(4)i−Fe(3)−O(13) 102.20(1) O(9)−Fe(4)−O(15)k 170.49(1) 
O(4)−Fe(3)−O(13) 90.15(1) O(2)b−Fe(4)−O(15)k 83.09(1) 
O(13)i−Fe(3)−O(13) 80.8(2) O(13)j−Fe(4)−O(15) 85.78(1) 
O(10)i−Fe(5)−O(6) 103.20(1) O(10)j−Fe(5)−O(3)b 90.68(1) 
O(10)i−Fe(5)−O(14) 86.55(1) O(6)−Fe(5)−O(3)b 83.73(1) 
O(6)−Fe(5)−O(14) 92.12(1) O(14)−Fe(5)−O(3)b 174.37(1) 
O(10)i−Fe(5)−O(1) 164.21(1) O(1)−Fe(5)−O(3)b 80.54(1) 
O(6)−Fe(5)−O(1) 88.97(1) O(10)f−Fe(5)−O(2)b 89.65(1) 
O(1)−Fe(5)−O(2)f 79.73(1) O(6)−Fe(5)−O(2)b 165.40(1) 
O(3)i−Fe(5)−O(2)f 103.28(1) O(14)−Fe(5)−O(2)f 81.63(1) 
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(a) 0.5-x, 0.5-y, -1-z; (b) 0.5-x, 0.5-y, -z; (c) x, -y, -0.5+z; (d) x, y, -1+z; (e) 1-x, -y, 1-z; 
(f) x, -y, 0.5+z; (g) 1-x, y, 0.5-z; (h) 1-x, -y, -z; (i) 1-x, y, -0.5-z; (j) x, y, 1+z; (k) x, 1-y, 
0.5+z; (l) x, 1-y, -0.5+z. 
Results and Discussion 
Synthesis and Crystal structures: Rb0.41(2)FePO4 can be synthesized in a high 
yield using a high-temperature, solid-state method. The X-ray single-crystal structure 
shows that the title compound crystalizes in the monoclinic space group C2/C (no. 15), 
and adopts a three-dimensional framework that consists of interconnected channels. 
Figure 3.1 shows the projective view of Rb0.41FePO4 along the c-axis. The 3-D Fe−O−P 
framework consists of five crystallographically distinct FeO6 octahedra (oct-FeO6) and 
four PO4 tetrahedra (tet-PO4) units. These five oct-FeO6 corner- and/or edge- shared with 
tet-PO4 units to produce the 3-D Fe−O−P framework, Figure 3.2. Figure 3.1 is also 
pointing out the channels extend along the c-axis where Rb(2) and Rb(3) reside. These 
channels outline an eight-membered ring window being formed by corner-shared 
polyhedral of four oct-FeO6 and four tet-PO4 units, as shown Figure 3.3. An additional 
set of channels can be observed by viewing the structure along the [111] direction (Figure 
3.4). The window of these channels is also formed from four oct-FeO6 and four tet-PO4 
units via corner sharing between each other. 
Single crystal X-ray diffraction (SXRD) data also reveals that Rb(1) site is fully 
occupied while Rb(2) and Rb(3) sites with Wyckoff notation of 8f are partially occupied 
with 37% and 28% occupancies respectively giving the empirical formula of Rb0.41FePO4 
for the final structure solution. The average Rb−O bond distances for Rb(1), Rb(2) and 
Rb(3) are 3.171(1), 3.139(1) and 3.193(1) Å. Furthermore, Rb(1), Rb(2) and Rb(3) are 
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twelve- eight- and ten-coordinated, respectively. The expected Shannon crystal radii
8c
 for 
12, 10 and 8-coordinated Rb−O are 3.141, 3.081 and 3.031 Å respectively and bond 
valence some (BVS)
8d
 calculations for rubidium sites are given in Table 3.6. 
Additionally, elemental analysis, using energy dispersive X-ray spectroscopy (EDX), 
confirmed the constituents as determined by SXRD structural refinements of the single 
crystals, Figure 3.5. 
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Figure 3.1. Projected view along the c-axis showing the pseudo-one-dimensional 
channels where the Rb
+
 cations reside. The color code of circles is the same throughout 
the report. 
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Figure 3.2. Mixed polyhedral (tet-PO4) and ball/stick (oct-FeO6) representation showing 
the Fe−O−P framework unit consist of five oct-FeO6 and four tet-PO4 units. Further, one 
can notice the edge-sharing connectivity between oct-Fe(4)O6 and the tet-PO4 group. 
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Figure 3.3. A Fe−O−P ring showing the window of channels viewed along the c-axis. 
The eight-membered ring window is formed by corner-shared polyhedral of four oct-
FeO6 and four tet-PO4 units. 
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Figure 3.4. Perspective view along [111] showing the channels where the Rb
+
 cations 
reside. 
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Table 3.6. Bond valence some calculations for Rb sites of Rb0.41FePO4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rb(1) Rb(2) Rb(3) 
Rb(1)O12 Rb(2)O8 Rb(3)O10 
Rb(1)-O(1) 0.078 Rb(2)-O(5) 0.078 Rb(3)-O(4) 0.052 
Rb(1)-O(2) 0.096 Rb(2)-O(10) 0.096 Rb(3)-O(5) 0.120 
Rb(1)-O(3) 0.048 Rb(2)-O(12) 0.048 Rb(3)-O(5) 0.097 
Rb(1)-O(3) 0.165 Rb(2)-O(12) 0.165 Rb(3)-O(10) 0.040 
Rb(1)-O(4) 0.182 Rb(2)-O(12) 0.182 Rb(3)-O(12) 0.118 
Rb(1)-O(5) 0.103 Rb(2)-O(14) 0.103 Rb(3)-O(12) 0.088 
Rb(1)-O(6) 0.053 Rb(2)-O(16) 0.053 Rb(3)-O(12) 0.062 
Rb(1)-O(6) 0.101 Rb(2)-O(16) 0.101 Rb(3)-O(14) 0.140 
Rb(1)-O(8) 0.065 ∑(Rb1+) 0.826 Rb(3)-O(16) 0.042 
Rb(1)-O(9) 0.046 ∑(Rb1+) at 0.37 
occupancy 0.306 
Rb(3)-O(16) 0.134 
Rb(1)-O(10) 0.145 ∑(Rb1+) 0.892 
Rb(1)-O(14) 0.064   ∑(Rb1+) at 0.28 
occupancy 
0.250 
∑(Rb1+) 1.145   
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Figure 3.5. Optical images of single crystals (top); elemental composition in the single 
crystals of Rb0.41FePO4 (bottom). 
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The compound studied here adopts an unusual feature with respect to Fe−O−Fe 
chains of edge-shared oct-Fe(2)O6 and oct-Fe(4)O6 as shown in Figure 3.6. These chains 
are running cross each other and they are interconnected via corner-shared oct-Fe(1)O6, 
oct-Fe(3)O6 and oct-Fe(5)O6 octahedra to form a 3-D Fe−O network, see Figuress 3.6 
and 3.7. Tables 3.4 and 3.5 shows the bond distances and angles for the title compound. 
Fe(1)−O bond distances range from 1.991(2) to 2.024(2) Å, Fe(2)−O bond distances 
range from 2.095(2) to 2.257(2) Å, Fe(3)−O bond distances range from 1.975(2) to 
2.037(2) Å, Fe(4)−O bond distances range from 2.025(2) to 2.195(2) Å, Fe(5)−O bond 
distances range from 1.933(2) to 2.081(2) Å. The Fe−O average bond distances in the 
respective FeO6 octahedra, 2.009(2) Å, 2.154(2) Å, 2.009(2) Å, 2.098(2) Å and 2.007(2) 
Å, are comparable to the sum of the Shannon crystal radii
8c
, 2.130 Å for Fe
2+−O and 
1.995 Å Fe
3+−O, of six coordinated oct-FeO6 in a high spin state. It should be mentioned 
that the oct-FeO6 are distorted with the long distances in oct-Fe(2)O6 being Fe(2)−O(11) 
2.257(2) Å and in oct-Fe(4)O6 Fe(4)−O(15) 2.195(2) Å. Interesting enough that there is a 
significant variation in the Fe−O bond distances among FeO6 octahedra indicating 
different oxidation states for iron (Fe
3+ 
and Fe
3+
) in the structure. In order to prove this, 
bond valence sum (BVS) was calculated and the average oxidation state, Fe
2.61+
 (see 
Table 3.7), matches closely  with the calculated oxidation state Fe
2.59+
 based on the 
structure formula Rb0.41FePO4 from the SXRD study.
8d
 This may suggest a charge de-
localization throughout the Fe−O network which could lead to the interesting 
conductivity properties. As will be discussed, relatively longer Fe−O bond distances 
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could be due to the stronger inductive effect from the phosphate groups which could lead 
to interesting electrochemical properties in terms of redox voltage.  
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Figure 3.6. A partial representation of Fe−O−Fe connectivity of Rb0.41FePO4 (top). 
Edge-shared oct-Fe(2)O6 and oct-Fe(4)O6 forms the chains which propagate in two 
different directions as shown by the arrows and these chains are interconnected via 
corner-shared oct-Fe(1)O6, oct-Fe(3)O6 and oct-Fe(5)O6 units to form a 3-D Fe−O 
network as shown in the figure (bottom). 
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Figure 3.7. A partial representation of Fe−O−Fe connectivity between oct-Fe(1)O6, oct-
Fe(2)O6, oct-Fe(3)O6, oct-Fe(4)O6 and oct-Fe(5)O6. Edge-shared oct-Fe(2)O6 and oct-
Fe(4)O6 forms the chains and [Fe4O18]∞ can be considered as the repeating unit in the 
chain.  
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Table 3.7. Bond valence some calculations for iron of Rb0.41FePO4. 
Fe(1)O6 Fe
3+
 Fe
2+
  Fe(2)O6 Fe
3+
 Fe
2+
 
       
Fe(1)-O(7) 0.489 0.457  Fe(2)-O(1) 0.366 0.342 
Fe(1)-O(7) 0.489 0.457  Fe(2)-O(7) 0.306 0.286 
Fe(1)-O(12) 0.534 0.499  Fe(2)-O(8) 0.350 0.328 
Fe(1)-O(12) 0.534 0.499  Fe(2)-O(8) 0.401 0.375 
Fe(1)-O(16) 0.503 0.470  Fe(2)-O(9) 0.403 0.377 
Fe(1)-O(16) 0.503 0.470  Fe(2)-O(11) 0.260 0.243 
∑ 3.052 2.853  ∑ 2.087 1.951 
       
Fe(3)O6 Fe
3+
 Fe
2+
  Fe(4)O6 Fe
3+
 Fe
2+
 
       
Fe(3)-O(4) 0.499 0.467  Fe(4)-O(2) 0.410 0.383 
Fe(3)-O(4) 0.499 0.467  Fe(4)-O(9) 0.412 0.385 
Fe(3)-O(5) 0.503 0.470  Fe(4)-O(11) 0.481 0.449 
Fe(3)-O(5) 0.503 0.470  Fe(4)-O(13) 0.336 0.315 
Fe(3)-O(13) 0.472 0.457  Fe(4)-O(15) 0.308 0.288 
Fe(3)-O(13) 0.472 0.457  Fe(4)-O(15) 0.487 0.455 
∑ 3.058 2.858  ∑ 2.434 2.275 
       
Fe(5)O6 Fe
3+
 Fe
2+
     
       
Fe(5)-O(1) 0.406 0.430     
Fe(5)-O(2) 0.416 0.391     
Fe(5)-O(3) 0.447 0.418     
Fe(5)-O(6) 0.616 0.576     
Fe(5)-O(10) 0.625 0.584     
Fe(5)-O(14) 0.537 0.502     
∑ 3.104 2.902     
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After determining the Rb content (x) in the single crystal structure solution, 
stoichiometric yield synthesis was carried out according to the experimental procedure 
mentioned above. A pure polycrystalline sample of Rb0.41FePO4 was synthesized based 
on the room-temperature, high-resolution synchrotron PXRD data at APS, see Figure 3.8. 
The Rb content of Rb0.41FePO4 sample was also confirmed by EXPGUI/GSAS
8a
 
refinements (Tables 3.8 and 3.9).  
A solid solution series was synthesized by employing the same reaction 
conditions and procedures from the reaction mixtures containing a varied amount of Rb. 
The solid solution was confirmed by the indexed PXRD patterns indicating a small range 
of x (0.20 ≤ x ≤0.50). The unit cells were refined using least-square refinements of the 
observed powder patterns. Figure 3.9 shows the PXRD patterns for the observed solid 
solution and Table 3.10 lists the refined unit cell parameters. As expected, the unit cell 
volumes follow the Vegards’s Law increasing gradually with the increase of the Rb 
content, x, Figure 3.10. There is no significant change of either of a or c-axis but there is 
a significant change in the b-axis. The b-axis expands with the increased concentration of 
Rb
+
 from 14.840(2) Å, x = 0.20 to 14.901(2) Å, x = 0.50. It could be due to the increase 
of Rb content thus the increased concentration of Fe
2+
 ions, which are slightly larger than 
Fe
3+
. This type of behavior was observed in LiMn2P2O7−Li2Mn2P2O7 solid solution 
series.
9a
 Figure 3.11 shows the PXRD patterns of the samples prepared according to the 
target compositions of Rb0.15FePO4 and Rb0.55FePO4 clearly indicating impurity peaks, as 
shown by asterisks. Further investigation of these PXRD patterns lead to the conclusion 
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that these impurity peaks match with the RbFeP2O7
9b
 and Fe7(PO4)6
7c
 in the literature. 
This establishes the limit of the solid solution stated above, 0.20  x  0.50. 
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Figure 3.8. Rietveld plot of high-resolution synchrotron powder diffraction data collected at room temperature for Rb0.41FePO4. 
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Table 3.8. Refined lattice Parameters from single crystal and polycrystalline sample. The 
latter is obtained from the Rietveld refinement of high-resolution synchrotron powder 
diffraction data collected at room temperature. 
 SXRD PXRD 
Chemical formula Rb0.41(2)FePO4 Rb0.41(2)FePO4 
Crystal color, shape Black, cubic crystals Black, polycrystalline 
Formula weight (g/mol) 186.08 186.08 
Crystal system monoclinic monoclinic 
Space group, Z C2/C (no. 15), 32 C2/C (no. 15), 32 
a, Å 19.897(4) 19.901(2) 
b, Å 14.867(3) 14.871(2) 
c, Å 9.967(2) 9.969(2) 
β,° 119.15(3) 119.15(3) 
V, Å
3
 2575.0(9) 2576.8(1) 
(calc) (g/cm
3
) 3.841 3.836 
Rp/wRp 0.0348/0.0894 0.0782/0.1148 
χ2  1.034 1.490 
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Table 3.9. Atomic position and occupancy of refined Rb0.41FePO4 using high-resolution 
synchrotron powder diffraction data collected at room temperature. 
atom Wyck. SOF x y z Uiso (Å
2
) 
Rb(1) 8f 1.0 0.2973(1) 0.1804(1) -0.3271(1) 0.035(1) 
Rb(2) 8f 0.34(1) 0.4681(1) -0.0251(1) 0.3997(1) 0.035(1) 
Rb(3) 8f 0.30(1) 0.4622(1) -0.0622(1) 0.3277(1) 0.032(1) 
Fe(1) 4e 1.0 1/2 0.1815(1) 1/4 0.010(1) 
Fe(2) 8f 1.0 0.1727(1) 0.1897(1) -0.1003(1) 0.011(1) 
Fe(3) 4e 1.0 1/2 0.3022(1) -1/4 0.017(1) 
Fe(4) 8f 1.0 0.4232(1) 0.4357(1) 0.4089(1) 0.018(1) 
Fe(5) 8f 1.0 0.2519(1) 0.0634(1) 0.2508(1) 0.017(1) 
P(1) 8f 1.0 0.1440(1) 0.0387(1) -0.5893(1) 0.027(1) 
P(2) 8f 1.0 0.3338(1) 0.0871(1) 0.0362(1) 0.027(1) 
P(3) 8f 1.0 0.3924(1) 0.2141(1) 0.4156(1) 0.027(1) 
P(4) 8f 1.0 0.4179(1) 0.3371(1) -0.0354(1) 0.027(1) 
O(1) 8f 1.0 0.1700(1) 0.1483(1) 0.1017(1) 0.018(1) 
O(2) 8f 1.0 0.1787(1) 0.0287(1) -0.4122(1) 0.019(1) 
O(3) 8f 1.0 0.2979(1) 0.4021(1) -0.3791(1) 0.015(1) 
O(4) 8f 1.0 0.4373(1) 0.2793(1) -0.1430(1) 0.015(1) 
O(5) 8f 1.0 0.4273(1) 0.2224(1) -0.4047(1) 0.012(1) 
O(6) 8f 1.0 0.3166(1) 0.1649(1) 0.3566(1) 0.013(1) 
O(7) 8f 1.0 0.4404(1) 0.2850(1) 0.1141(1) 0.014(1) 
O(8) 8f 1.0 0.2957(1) 0.1795(1) 0.0064(1) 0.014(1) 
O(9) 8f 1.0 0.3772(1) 0.3069(1) 0.3437(1) 0.012(1) 
O(10) 8f 1.0 0.3015(1) 0.0362(1) -0.1192(1) 0.015(1) 
O(11) 8f 1.0 0.1246(1) 0.0474(1) -0.1746(1) 0.018(1) 
O(12) 8f 1.0 0.4237(1) 0.0956(1) 0.1042(1) 0.018(1) 
O(13) 8f 1.0 0.4304(1) 0.4076(1) -0.3746(1) 0.019(1) 
O(14) 8f 1.0 0.3162(1) 0.0381(1) 0.1555(1) 0.015(1) 
O(15) 8f 1.0 0.4586(1) 0.4299(1) -0.0061(1) 0.016(1) 
O(16) 8f 1.0 0.4500(1) 0.1611(1) 0.3805(1) 0.022(1) 
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Figure 3.9. PXRD patterns of solid solution series for RbxFePO4 where 0.20 ≤ x ≤ 0.50. 
(a) Calculated powder pattern based on single crystal structure solution; (b) x = 0.20; (c) 
x = 0.30; (d) x = 0.40; (e) x = 0.50.  
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Table 3.10. Refined lattice parameters from polycrystalline samples of RbxFePO4 where 
0.20 ≤ x ≤ 0.50 obtained from the powder diffraction data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Rb0.20(2)FePO4, x = 0.20 Rb0.30(2)FePO4, x = 0.30 
a, Å 19.897(3) 19.901(3) 
b, Å 14.840(2) 14.854(2) 
c, Å 9.954(1) 9.958(1) 
β, ° 119.08(1) 119.10(1) 
V, Å
3
 2565.86(1) 2569.83(1) 
 Rb0.40(2)FePO4, x = 0.40 Rb0.50(2)FePO4, x = 0.50 
a, Å 19.900(3) 19.901(3) 
b, Å 14.869(2) 14.901(2) 
c, Å 9.964(1) 9.968(1) 
β, ° 119.12(1) 119.15(1) 
V, Å
3
 2573.84(1) 2580.55(1) 
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Figure 3.10. Variation of lattice parameters in RbxFePO4 where x is 0.20 ≤ x ≤ 0.50. 
Higher the Rb-content gradually increases unit cell volume. 
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Figure 3.11. PXRD patterns of solid solution series for RbxFePO4. (a) Calculated 
powder pattern based on single crystal structure solution; (b) x = 0.15; (c) x = 0.55. 
PXRD patterns of x = 0.15 and 0.55 show impurity peaks which indicates the limit of 
the solid solution of RbxFePO4 0.20 ≤ x ≤ 0.50, see text. 
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Resistivity and Thermopower Measurements: The DC electrical resistivity and 
thermopower measurements were performed from 10-300 K on a pressed pellet sample of 
Rb0.41FePO4. A 2  2  8 mm pellet
 
 was cut from a sintered piece of as-prepared 
polycrystalline powder of Rb0.41FePO4. The measurements were performed in a 
customarily designed setup including a closed cycle refrigeration system and a four-probe 
device employing fast switching method. As shown in the Figure 3.12 (inset) the 
thermopower is nearly linear and positive throughout the entire temperature range, 
reminiscent of a metal in light of the Mott formula.
9a
 The magnitude of thermopower, 
however, is too large to be a metal but typically of a degenerate semiconductor or 
semimetal. The temperature dependence of resistivity is positive throughout the entire 
temperature range with two distinct features: a dramatic change in slope around 230 K 
and a broad hump centered around 105 K. Since no counterpart features are observed in 
the thermopower, it is thought tentatively attributed to band crossover. The thermopower 
behavior and the temperature coefficient of resistivity are all consistent with a p-type 
degenerate semiconductor or semimetal. In this context, the high magnitude of resistivity 
(~ 30 Ωcm-1 at room temperature) could also be attributed to high porosity and strong 
grain boundary scattering in the pellet.
9b
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Figure 3.12. Temperature-dependent resistivity and thermo-power measurements for the 
sintered Rb0.41FePO4 pellet using as-prepared polycrystalline sample.  
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Li-Ion Exchange Reactions: As mentioned in the experimental section, the facile 
ion exchange was able to be carried out on single crystals of Rb0.41FePO4 due possibly to 
its interconnected channel structure. It is interesting to notice that the color of resulting 
single crystals is changed from black to gold, as illustrated in Figure 3.13. EDX 
experiments on Li-ion exchange crystals confirm less Rb content in the resulting single 
crystals, Figure 3.14. Single crystal X-ray structure solution of a selected Li-ion exchange 
crystal gives rise to a structural formula of Rb0.25(1)Li0.19(1)FePO4, representing a partial 
ion-exchange of less than 50% of completion. Unit cell parameters and atomic positions 
are given in Tables 3.11 and 3.12. Repeated ion exchange caused the crystals to 
breakdown and become polycrystalline After the indication of ion exchange on single 
crystals, the as-prepared Rb0.41FePO4 powder was also subjected to the ion exchange. 
Interestingly, EDX results confirmed the complete ion exchangeability of Rb0.41FePO4, 
see Figure 3.15. To further confirm this, NPD was carried out at the NIST center for 
Neutron Research (NCNR). Lithium content and the positions of Li-ion were further 
confirmed by using the Rietveld refinement of NPD, Figure 3.16. It was interesting to 
observe not only the fully ion exchange capability on powder but also it shows an 
additional Li-ion insertion. The structure solution from the NPD data suggests the 
formula of Li0.52(2)FePO4, which amounts to an additional 25% compared with the 
expected value of stoichiometric exchange. Unit cell parameters and atomic positions are 
given in Tables 3.13 and 3.14. The incomplete ion exchange in the single crystalline 
samples is intuitively due to longer diffusion lengths compared to the polycrystalline 
sample. Similar behavior was observed in Cs5K4Fe7(PO4)10
6a
 where Li-ion exchanged 
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Figure 3.13. Optical photos of Rb0.41FePO4 single crystals showing color change before 
and after the Li-ion exchange. 
1M LiNO3, 
12hrs, 200 oC
Before  ion exchange After Ion exchange
 
Figure 3.14. EDX (in mole %) of single crystals of Rb0.41FePO4 (left) and after ion 
exchange (right), Rb0.25Li0.19FePO4 showing the reduction of Rb content, see text. 
proved to be incomplete in the single crystals but complete ion exchanged was observed 
in the polycrystalline sample. For Li2FeP2O7, this was further confirmed through 
experimentally and theoretical simulations of the activation energies which control the 
Li-ion transport within the structure.
11
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Table 3.11. A comparison of the crystallographic data from single crystals of Rb0.41FePO4 
and its ion-exchanged product, Rb0.25(1)Li0.19(1)FePO4. 
Empirical formula Rb0.41(2)FePO4 Rb0.25(1)Li0.19(1)FePO4 
FW 186.08 173.59 
Crystal System monoclinic monoclinic 
Crystal dimension, mm 0.09 x 0.08 x 0.07 0.11 x 0.10 x 0.07 
Space Group, Z C2/C (no. 15), 32 C2/C (no. 15), 32 
T, °C 27 27 
a, Å 19.897(4) 19.894(4) 
b, Å 14.867(3) 14.943(3) 
c, Å 9.967(2) 9.943(2) 
β° 119.15(3) 119.21(3) 
V, Å
3 
2575.0(9) 2579.9(4) 
μ (Mo Kα), mm-1 11.211 10.212 
dcalc, g cm
-3
 3.840 3.574 
Data/restraints/parameters 2277/0/246 2250/0/241 
Final R1, wR2
a
 [I > 2σ(I)], GOF 0.0348/ 0.0894/1.034 0.0328/ 0.0811/1.011 
Largest diff. peak/hole, e/ Å
3
 1.887/-2.245 1.145/-1.311 
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Table 3.12. Atomic coordinates and equivalent displacement parameters obtained from 
the ion exchanged single crystals. 
atom Wyck. SOF x y z 
Uiso 
(Å2)
a
 
Rb(1) 8f 1.0 0.2971(1) 0.1801(1) -0.3252(1) 0.031(1) 
Li(1) 8f 0.40(2) 0.4702(1) -0.0292(2) 0.4011(3) 0.038(1) 
Li(2) 8f 0.36(1) 0.4611(2) -0.0612(2) 0.3248(3) 0.036(1) 
Fe(1) 4e 1.0 0.5000 0.1811(1) 0.2500 0.015(1) 
Fe(2) 8f 1.0 0.1725(1) 0.1897(1) -0.1007(1) 0.015(1) 
Fe(3) 4e 1.0 0.5000 0.3011(1) -0.2500 0.016(1) 
Fe(4) 8f 1.0 0.04211(1) 0.4311(1) 0.4012(1) 0.013(1) 
Fe(5) 8f 1.0 0.2557(1) 0.0652(1) 0.2558(1) 0.016(1) 
P(1) 8f 1.0 0.1435(1) 0.0405(1) -0.5859(1) 0.029(1) 
P(2) 8f 1.0 0.3331(1) 0.0852(1) 0.0352(2) 0.029(1) 
P(3) 8f 1.0 0.3931(1) 0.2112(1) 0.4175(1) 0.023(1) 
P(4) 8f 1.0 0.4181(1) 0.3341(1) -0.0363(2) 0.025(1) 
O(1) 8f 1.0 0.1696(2) 0.1511(2) 0.1029(4) 0.015(1) 
O(2) 8f 1.0 0.1764(2) 0.0255(2) -0.4131(4) 0.017(1) 
O(3) 8f 1.0 0.3055(2) 0.4059(2) -0.3773(4) 0.011(1) 
O(4) 8f 1.0 0.4355(2) 0.2846(2) -0.1463(4) 0.011(1) 
O(5) 8f 1.0 0.4261(2) 0.2211(2) -0.4073(4) 0.014(1) 
O(6) 8f 1.0 0.3162(2) 0.1662(3) 0.3572(4) 0.017(1) 
O(7) 8f 1.0 0.4387(2) 0.2842(2) 0.1119(4) 0.017(1) 
O(8) 8f 1.0 0.2925(2) 0.1793(2) -0.0031(4) 0.015(1) 
O(9) 8f 1.0 0.3761(2) 0.3071(2) 0.3405(4) 0.018(1) 
O(10) 8f 1.0 0.3052(2) 0.0351(2) -0.1144(4) 0.028(1) 
O(11) 8f 1.0 0.1252(2) 0.0491(2) -0.1761(4) 0.028(1) 
O(12) 8f 1.0 0.4216(2) 0.0951(2) 0.1055(4) 0.018(1) 
O(13) 8f 1.0 0.4306(2) 0.4071(2) -0.3725(4) 0.059(1) 
O(14) 8f 1.0 0.3131(2) 0.0311(2) 0.1415(4) 0.015(1) 
O(15) 8f 1.0 0.4604 (2) 0.4271(3) -0.0025(5) 0.036(1) 
O(16) 8f 1.0 0.4474(2) 0.1611(3) 0.3775(4) 0.032(1) 
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Figure 3.15. EDX mole % of Ion exchange Rb0.41FePO4 powder. 
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Figure 3.16. NPD pattern and GSAS refinement of ion-exchanged polycrystalline product of Rb0.41FePO4; inset: a zoom-in 
view of NPD pattern for 34~45 in 2θ showing a little shift of the observed NPD with respect to calculated due to the detector 
failure during the measurements. 
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Table 3.13. A comparison of the crystallographic data from the refined profiles of 
Rb0.41FePO4 and its ion-exchanged product, Li0.52(2)FePO4. 
 Rb0.41(2)FePO4 Li0.52(2)FePO4 
Crystal color, shape Black, polycrystalline Black, polycrystalline 
Formula weight (g/mol) 186.71 154.42 
Crystal system monoclinic monoclinic 
Space group, Z C2/C (no. 15), 32 C2/C (no. 15), 32 
a, Å 19.901(2) 19.849(2) 
b, Å 14.871(2) 15.017(7) 
c, Å 9.969(2) 9.961(5) 
β, ° 119.15(3) 119.27(3) 
V, Å
3
 2576.8(1) 2592.7(1) 
(calc) (g/cm
3
) 3.836 3.163 
Rp/wRp 0.0782/0.1148 0.0286/0.0476 
χ2  1.49 3.69 
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Table 3.14. Atomic coordinates and equivalent displacement parameters obtained 
from the Rietveld refinement of NPD data for Li0.52(2)FePO4. 
atom Wyck. SOF x y z Uiso (Å
2
) 
Li(1) 8f 1.00 0.2973(1) 0.1809(1) -0.3271(1) 0.025(1) 
Li(2) 8f 0.65(2) 0.4703(1) -0.0293(1) 0.4023(1) 0.025(1) 
Li(3) 8f 0.28(1) 0.4612(1) -0.0632(1) 0.3258(1) 0.0250 
Fe(1) 4e  1/2 0.1816(1) 1/4 0.027(1) 
Fe(2) 8f  0.1728(1) 0.1895(1) -0.1006(1) 0.027(1) 
Fe(3) 4e  1/2 0.3034(1) -1/4 0.017(1) 
Fe(4) 8f  0.4234(1) 0.4359(1) 0.4081(1) 0.017(1) 
Fe(5) 8f  0.2519(1) 0.0639(1) 0.2505(1) 0.017(1) 
P(1) 8f  0.1438(1) 0.0393(1) -0.5915(1) 0.040(1) 
P(2) 8f  0.3376(1) 0.0888(1) 0.0381(1) 0.040(1) 
P(3) 8f  0.3963(1) 0.2184(1) 0.4527(1) 0.040(1) 
P(4) 8f  0.4173(1) 0.3386(1) -0.0351(1) 0.040(1) 
O(1) 8f  0.1721(1) 0.1499(1) 0.1025(1) 0.019(1) 
O(2) 8f  0.1738(1) 0.0282(1) -0.4122(1) 0.027(1) 
O(3) 8f  0.2999(1) 0.4035(1) -0.3771(1) 0.027(1) 
O(4) 8f  0.4372(1) 0.2791(1) -0.1459(1) 0.027(1) 
O(5) 8f  0.4280(1) 0.2251(1) -0.3996(1) 0.019(1) 
O(6) 8f  0.3163(1) 0.1677(1) 0.3567(1) 0.019(1) 
O(7) 8f  0.4403(1) 0.2856(1) 0.1096(1) 0.019(1) 
O(8) 8f  0.2904(1) 0.1768(1) -0.0091(1) 0.018(1) 
O(9) 8f  0.3674(1) 0.3108(1) 0.3455(1) 0.018(1) 
O(10) 8f  0.3062(1) 0.0365(1) -0.1195(1) 0.018(1) 
O(11) 8f  0.1268(1) 0.0482(1) -0.1751(1) 0.021(1) 
O(12) 8f  0.4293(1) 0.1077(1) 0.1036(1) 0.021(1) 
O(13) 8f  0.4305(1) 0.4025(1) -0.3789(1) 0.021(1) 
O(14) 8f  0.3127(1) 0.0382(1) 0.1559(1) 0.021(1) 
O(15) 8f  0.4585(1) 0.4305(1) -0.0090(1) 0.021(1) 
O(16) 8f  0.4518(1) 0.1631(1) 0.3854(1) 0.021(1) 
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In order to further confirm the structure stability after ion exchange, FTIR and 
Raman spectroscopy measurements were also used. Figure 3.17 and 3.18 indicate the 
FTIR and Raman spectrum respectively for both Rb0.41FePO4 and Li0.52FePO4. FTIR 
and Raman spectrums are valuable technique to study the change of the environment 
around the PO4
3-
 groups before and after ion exchange due to the change of PO4
3-
 
stretching domain with the composition in the structure.
12a
 Generally FTIR spectrums 
of phosphate containing structures are dominated from the fundamental vibrations of 
PO4
3-
 poly-anion groups, Figure 3.17. Bands in the range of 1200–900 cm−1 650–440 
cm
−1
 are corresponding to the stretching vibrations and bending vibrations of the tet-
PO4
3-
.
12b
 The small shift of these particular bands after the ion exchange suggest a 
change of the local environment of the structure. However, there are some other 
effects which could lead to a shift in FTIR such as Fermi resonance
12c
. Raman 
spectrum shows the same trend. In a similar way to FTIR, the Raman spectrum is also 
dominated by the fundamental vibrations of PO4
3–
 as we expected. The bands in the 
range of 1200–400 cm−1 are due to asymmetric bending and symmetric bending 
modes of PO4 units. There are no additional peaks present before and after ion 
exchange which confirm the structure stays intact throughout the ion exchange 
process. The most intense peak ~1000 cm
-1
 corresponds to the symmetric vibration of 
the PO4
3-
 group. Similar to FTIR, Raman vibrational modes show a small shift after 
the ion exchange which could be due to the change of the local environment around 
the phosphate group. The vibrational modes of the PO4
3-
 groups are affected by the 
change of Rb-ions into Li-ions during the ion exchange and also due to the change of 
Fe
2+
/Fe
3+
 ratio during the Li insertion.
12d
 In conclusion both FTIR and Raman 
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Figure 3.17. FTIR spectrums of samples for as-prepared Rb0.41FePO4 and, in the inset, 
Li0.52FePO4 before and after ion-exchange. 
spectrums were used to prove the structural stability and to prove the change of the 
local environment in the PO4
3-
 groups due to ion exchange. 
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Figure 3.18. Raman spectrums for Rb0.41FePO4 and Li0.52FePO4. 
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Li0.52FePO4 FePO4 +  0.52Li
+
Electrochemical Analysis of Li0.52FePO4: The lithium ion insertion and de-
insertion properties of Li0.52FePO4 were determined by measuring the voltage of a 
standard 2032-type electrochemical cell comprising a lithium anode and Li0.52FePO4 
as the cathode. The data are shown in Figure 3.19. In the cathode cycling, Li-ion was 
removed from Li0.52FePO4 to presumably to form fully oxidized Fe
3+
-containing 
FePO4 as shown in the following equation which should produce a theoretical 
capacity of 74 mAh/g.  
However, only 43 mAh/g capacity was achieved after charging to 5 V which 
resembles to 0.26 Li-ion per formula unit. Here, it is noteworthy to mention that the 
charging potential is as high as 4.5 V, Figure 3.19. As shown in Figure 3.20, the 
PXRD patterns were taken before and after the first charge. It is realized that the 
major peaks at two theta around ~30 degrees remain after charging to 5 V. It suggests 
that the parent framework seems to be intact during the Li-ion de-insertion process. 
During the first discharge it interestingly gained a full capacity of 170 mAh/g 
presumably to “LiFePO4”. In any event, this turned out to be impossible due to 
incomplete charging unless the structure dissociation or structural rearrangement 
happened during the reduction (Li-ion insertion).
12a
 This type of behavior has been 
observed in many iron phosphate materials such as Li9Fe7(PO4)10
5a
 and other 
transition metal containing pyrophosphates (Li2CoP2O7).
5b
 However after the first 
cycle, Li0.52FePO4 shows a reversible capacity of 70 mAh/g up to 40 cycles (Figure 
3.21) which is significantly lower than the state of art olivine, LiFePO4 (170 mAh/g)
4b
 
but comparable with some other transition metal containing phosphate such as 
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Li2MnP2O7 (32 mAh/g), Li2CoP2O7 (46 mAh/g), LiFeP2O7 (60 mAh/g) and 
Li2FeP2O7 (100 mAh/g).
12b-d
 The structural re-arrangement or the decomposition can 
be further confirmed as the first charging potential (4.5 V) is different from first 
discharging potential (~1.1 V). The relatively lower capacity could be due to micron-
sized primary particles, and decreasing the particle size such as making nano-
particles, carbon coating should increase Li-ion diffusion and increase the capacity of 
the parent compound.
13a
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Figure 3.19. Electrochemical characterization of Li0.52FePO4 showing reversible lithium 
(de)insertion reaction. Inset; voltage-composition curve for the first charge. 
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Figure 3.20. PXRD patterns for the Li0.52FePO4 cathode before charging (black) and 
after first charging (blue) to 5 V. 
 
Figure 3.21. Electrochemical characterization of Li0.52FePO4 showing capacity up to 
forty cycles. 
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Voltage (V) = E(Li)  +  E(LiM3+P2O7) − E(Li2M
2+P2O7) 
Pursuing this further, in Li0.52FePO4 the most interesting feature is the high 
charging potential in this material which is ~4.5 V and this is the highest charging 
potential for any reported iron phosphate so far in the literature except LiCoPO4 (4.8 
V); see Figure 3.22 for the comparison
13
. It is very exciting to see such a high voltage 
even without highly electronegative groups such as SO4
2-
 and F
-
. As shown in Figure 
3.21, all the di-lithium pyrophosphate (Li2MP2O7, where M = V, Mn, Fe and Co)
13
 
structures carry a high oxidation-reduction potential with respect to mono-lithium 
pyrophosphate (LiMP2O7 where M = Ti, V, Mn and Fe) and olivine, LiFePO4 (3.5 
V)
4d
 but the exact reason is not well understood. In any event, the foundation for such 
a high voltage in Li2MP2O7 could be due to the edge sharing connectivity between the 
transition metal octahedra (MO6) which essentially creates a shorter M
2+−M2+ 
distance compared to the corner sharing M
2+−M2+.14a-d This property can produce a 
higher repulsion between the M
3+
 ions at the charged state, (ex: Li2M
2+
P2O7 and its 
charged state is LiM
3+
P2O7) which leads to a higher internal energy, E and operating 
voltage as shown in the following equation.
15a
  
Furthermore this mechanism was proved to be correct for fluorophosphates 
and sulphates based cathode materials.
15b,c
 Or else, this high voltage can be explained 
using the inductive effect due to the phosphate groups as described under the 
introduction. 
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Voltage (V) = E(Li)  +  E(Li0.26FePO4) − E(Li0.51FePO4) 
Similarly, the Li0.52FePO4 phase has Fe−O chains made from edged-shared 
oct-Fe(2)O6 and oct-Fe(4)O6, see Figure 3.6. Therefore, at the charged state 
(Li0.26FePO4) the repulsion between Fe
3+−Fe3+ or Fe3+−Fe2+ should reach to a 
maximum where the internal energy of the system could follow an equation similar to 
the following which essentially produce a high charging potential. 
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Figure 3.22. A summary of charging potentials of reported materials so far in the 
literature. 
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Additionally, the title compound has a thicker Fe−O−P framework (Figure 
3.23) where inductive effect from the phosphate groups should play an important role 
in the charging potential. Furthermore, it is interesting to observe the relatively 
elongated bond distances for Fe−O in this compound. Table 3.7 has summarized all 
the Fe−O bond distances for Rb0.41FePO4. The Shannon crystal radii for oct-Fe
2+−O 
and oct-Fe
3+−O bond distances are 2.130 and 1.995 Å respectively. As we mentioned 
earlier under the crystal structure description, there is a significant variation in the oct-
FeO6 in the title compound compared to the Shannon crystal radii for oct-Fe
2+−O and 
oct-Fe
3+−O, especially in oct-Fe(2)O6 Fe(2)−O(11) is 2.257(2) Å and in oct-Fe(4)O6, 
Fe(4)−O(15) is 2.195(5) Å. Also, the respective average of Fe−O bond distances for 
oct-Fe(1)O6, oct-Fe(2)O6 and oct-Fe(5)O6 are bigger than the Shannon crystal radii of 
Fe
3+−O 1.995 Å for six coordinated oct-FeO6 by 0.035, 0.159 and 0.012 Å. However 
oct-Fe(3)O6 and oct-Fe(4)O6 are within the Shannon crystal radii for Fe
2+−O 2.130 Å. 
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Figure 3.23. Partial structure view showing the connectivity between the Fe−O 3-D 
network with tet-PO4 to form a condensed Fe−O−P framework. 
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Thermal stability of Rb0.41FePO4 and Li0.52FePO4 were determined using TGA 
and DSC as mentioned in the experimental section. As we expected Rb0.41FePO4 
exhibits a high thermal stability similar to other iron phosphates such as Olivine, 
LiFePO4 (600 °C)
16a
 and Li3Fe2(PO4)3 (700 °C).
16b,c
 Rb0.41FePO4 is thermally stable 
up to ~ 900 °C, Figure 3.23. Figure 3.24 (bottom) shows the PXRD after TGA which 
indicates the decomposition of Rb0.41FePO4 at ~900 °C. In addition to TGA and DSC, 
temperature dependent PXRD (Figure 3.25) was employed to study the thermal 
stability of Rb0.41FePO4. It is noticed that the temperature dependent PXRD patterns 
gradually move to the lower two theta with increasing the temperature likely due to a 
thermal expansion of the unit cell  
Compared to the thermal stability of Rb0.41FePO4, Li-ion exchanged 
compound shows a weight loss at low temperatures. Figure 3.26 shows the TGA plot 
of Li0.52FePO4 which exhibits a continuous weight loss starting from 200 °C. At 
360 °C, the compound loses around 1.25 % weight and it continuously drops until 
~600 °C by a total of 2.26% from its initial weight. This could be due to the 
crystalline water which is equivalent to 0.12 moles. The presence of water in the 
material was further confirmed by using IR spectrum, as shown in Figure 3.27. The 
broader peak around 3300 cm
-1
 (νOH stretching) and peak at ~1600 cm
-1
 (νHOH 
bending) confirmed the presence of water. Figure 3.27 also point the FTIR after 
annealing Li0.52FePO4 which indicates the disappearance of the water peak in the 
structure after annealing to 600 °C. 
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Figure 3.24. TGA and DSC plot of Rb0.41FePO4 (top) and the PXRD of the decomposed 
product after TGA (bottom). 
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Figure 3.25. Temperature dependent PXRD patterns of Rb0.41FePO4 obtained at 200, 500 
and 800 °C. 
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Figure 3.26. TGA plot of Li0.52FePO4 showing the continuous weight lost until 600 ºC. 
 
 
 
 
 
 
 
114 
 
 
Figure 3.27. IR spectra of the ion-exchanged Li0.52FePO4 before annealing (top) and 
after annealing at 600 °C. 
 
 
115 
 
Conclusions 
In summary, a novel rubidium containing iron phosphate solid solution with a 
composition of RbxFePO4 (0.20 ≤ x ≤ 0.50) was synthesized using a high-
temperature, solid-state reaction. RbxFePO4 crystalizes in monoclinic C2/C space 
group, with lattice parameters increases as the Rb content increases. RbxFePO4 carries 
a new Fe−O−P 3-D open framework where Rb-ions reside inside the channels. In 
addition, RbxFePO4 carries an interesting Fe−O lattice which essentially provide a 
semi metallic behavior as been proven by the resistivity and thermoelectric power 
measuremenst.  Single crystals and the polycrystalline sample of RbxFePO4, where x 
= 0.41, was subjected to the Li-ion exchange under hydrothermal condition at 200 °C. 
Further, ion exchange sample has been characterized using neutron powder diffraction 
to study the Li-ion content (Li0.52FePO4) in the structure. Li0.52FePO4 shows very 
interesting higher charging voltage compared to the reported materials so far. Cycling 
capacity was ~ 70 mAh/g which is lower than the theoretical capacity compared to 
Olivine, LiFePO4. Our research suggests that having edge-shared oct-FeO6 and the 
poly-anion groups produces higher charging voltages. Additionally this thicker 
Fe−O−P framework provides a high thermal stability to the structure. From these 
results, it is essential to improve the cycling capacity of this material by modifying the 
physical properties of this material. For example, low-temperature synthetic routes 
could be important by coupling with different organic molecules to achieve 
nanometer size particles. In addition, through chemical substitution, perform 
structure/property correlation studies and optimize the electrochemical properties of 
the solids will also be identical. Pursuing this further, another future aspect is the 
doping of Fe
2+/3+
 with other transition metal such as Mn
2+/3+
, V
2+/3+
 which could 
116 
 
increase the charging potential as observed in most Li-containing pyrophosphate 
compounds. Moreover, magnetic property characterization will be very interesting as 
Rb0.41FePO4 structure has a unique Fe−O connectivity. Finally, NPD and be utilized 
to study the magnetic structure. 
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CHAPTER FOUR 
SYNTHESIS AND CHARACTERIZATION OF IRON(III) PHOSPHATE AND 
ARSENATES STRUCTURES: THE EXISTENCE OF THE ORTHORHOMBIC 
(Pbcm) POLYMORPHS TEMPLATED BY Fe−O−X (X = P AND As) 3-D 
FRAMEWORK 
 
Introduction 
Synthesis and characterization of transition metal containing open framework 
structures are an active area in solid state chemistry.
1
 In particular, iron containing 
open framework structures, due to their rich chemistry and great number of possible 
different cation arrangements, have important industrial applications. In particular, the 
complexity in iron-containing structures arise from the stability of multiple oxidation 
states (Fe
2+
 and Fe
3+
) and coordination environments. In oxides, iron is usually 
observed in octahedral coordination, however iron has been seen in four coordination 
(square-planar in SrFeO2)
2
 and rarely in five coordination (trigonal bipyramid, e. g., 
YBaCuFeO5)
3
. In materials containing polyatomic anions, iron(III) has been observed 
in four coordination in berlinite-FePO4
4
 and, in five and six coordination in 
Cs7Fe7O2(PO4)8.
5
 In addition to isolated iron-centered polyhedra, combinations of 
condensed species, including dimers, trimers, tetrameric units of FeOn polyhedral (n 
=4, 5 and 6), and infinite chains have been structurally characterized. The inclusion of 
polyatomic oxyanions (SiO4
4–
, PO4
3–
 and AsO4
3–
) results in FeOn polyhedra sharing 
edges and/or corners delimiting tunnels where counter-cations reside. Because the 
internal equilibriums can be very complex, the number of possible materials is large 
depending in part on the synthetic methods employed. The latter includes 
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hydrothermal, flux, and high-temperature solid-state reactions, which have dramatic 
effect on the products formation.
6
 We have shown that, employing high-temperature 
molten salt flux techniques often times results new open framework structures that 
contain unusual transition metal poly-anion frameworks. Ideally, we hope to 
incorporate large cations from the salt flux in order to achieve bigger channels 
surrounded by Fe−O−X (X = Si, P, As) framework that intuitively facilitates the facile 
mobility of electropositive cations while using the closed-shell, non-magnetic 
polyoxo-anions to isolate the transition metal to achieve a confined magnetic 
nanostructure (see more examples in chapters 5, 6 and 7).
7
 
In addition to their wide variety of fascinating structures, iron phosphates 
materials are highly valuable in other applications such as corrosion inhibition, 
heterogeneous catalysis, sensor materials,
8a
 and because of their ion-transport and 
redox properties they are very attractive as cathode materials for Li-ion batteries. 
Because of the superior Li-ion transport properties, for instance Goodenough, et al. 
have studied a series of poly-oxyanion based materials such as NASICON-type, 
Li3Fe2(PO4)3,
8
 pyrophosphates LiFeP2O7 and Fe4(P2O7)3, and the phosphor olivine, 
LiFePO4.
9
 Electrochemical analysis of those materials have confirmed that the redox 
couple of Fe
3+
/Fe
2+
 versus Li
+
/Li occurs at potentials close to 2.8, 2.9, 3.0, and 3.5 V, 
respectively. Subsequently, the inductive effect of the phosphate poly-anion 
diminishes the covalency of the Fe−O bonds, hence increasing the operating voltage 
of the Fe
3+
/Fe
2+
 redox couple compared to Fe2O3 (1.23 V).
10
 Besides their interesting 
structural chemistry, their low cost, earth-abundant elements, environmentally 
benignness and thermal stability
11
 make them economically feasible for large scale 
electrochemical energy storage devices. 
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Compared to iron phosphates, little industrial work has been carried out on the 
arsenates, mainly due to their perceived toxicity. Academically, iron arsenate 
structures have been synthesized and reported due to their interesting Fe−O−Fe 
connectivity which gives interesting magnetic properties. Cs3Fe5O(OH)(AsO4)5 
Na3Fe2(AsO4)3 and A2Fe2O(AsO4)2 (A = K and Rb) are few iron containing arsenate 
structures reported in the literature so far. Cs3Fe5O(OH)(AsO4)5 was synthesized 
hydrothermally and it forms an open framework structure exhibiting FeOn polyhedral 
where n = 4, 5 and 6. Na3Fe2(AsO4)3 was synthesized in high temperature solid-state 
reaction and the main structural feature is the iron tetramer unit made from edge-
sharing FeO6 octahedra. Further, A2Fe2O(AsO4)2 series can be synthesized using a 
both hydrothermal and high temperature molten salt method. A2Fe2O(AsO4)2 has 
pseudo-one dimensional chains made from corner- and edged-shared FeO6 octahedra. 
In the ongoing investigations for synthesizing new iron containing framework 
structures, novel series of phosphate and arsenates polymorphs were investigated 
which share the common Fe−O−X framework with a formula A3Fe6(XO4)7, where A 
= Cs, Rb, K and X = P and As. It is interesting to mention that phosphates and 
arsenates derivatives are not iso-structures even though they share the similar type of 
formula. Overall, this chapter focuses on the synthesis of single crystals, 
polycrystalline powders of phosphates and arsenate compounds. Additionally, a detail 
property characterization of the phosphate form will be discussed, including thermal 
stability, IR, magnetic properties, and finally, the Li-ion exchange capability and 
electrochemical characterization.  
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Synthesis and Characterization 
Synthesis of Cs0.79(2)Rb2.21(2)Fe6(PO4)7 Single Crystals: Crystals of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7, 1 were isolated by employing a molten-salt reaction in a 
fused silica ampoule under vacuum. KO2, Fe2O3 and P4O10 were mixed and ground in 
a nitrogen-purged dry box. Approximately 0.3 g of the oxides were mixed in a 11 : 15 
: 10 molar ratio with 0.9 g of a CsCl/RbCl (50 : 50 wt%) salt flux. The reaction 
mixture was sealed in an evacuated silica tube and then heated to 800 °C at 1 °C min
-
1
. The reaction was isothermed for three days, slowly cooled to 300 °C at 0.1 °C min
-
1
, and then furnace-cooled to room temperature. The crystalline phase was retrieved 
from the flux by washing the product with deionized water using a suction filtration 
method. After washing the reaction, a relatively large crystalline yield, ~90%, of 
green, thick plate crystals was isolated. Crystallographic data, atomic coordinates, 
atomic parameters for Cs0.79(2)Rb2.21(2)Fe6(PO4)7 are presented in Tables 4.1-4.3 while 
selected bond distances and angles are reported in Table 4.12 
Synthesis of Cs3Fe6(AsO4)7 Single Crystals: Cs3Fe6(AsO4)7, 4 was the first 
arsenate phase, isolated in this series. Single Crystals of Cs3Fe6(AsO4)7 was isolated 
by employing a molten-salt reaction in a fused silica ampoule under vacuum. SrO, 
Fe2O3 and As2O5, were mixed and ground in a nitrogen-purged dry box. 
Approximately 0.2 g of the oxides were mixed in a 2 : 2 : 3 molar ratio with 0.6 g of a 
CsCl/CsI (50 : 50 wt%) salt flux. The reaction mixture was sealed in an evacuated 
silica tube and then heated up to 650 °C at 1° C min
-1
, held at temperature for one 
day, heated to 800 °C at 1 °C min
-1
, held for two days, then slowly cooled to 300 °C 
at 0.1°Cmin
-1
, followed by radiative cooling to room temperature. The crystalline 
phase was retrieved from the flux by washing the product with deionized water using 
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a suction filtration method. A relatively large crystalline yield, ~60%, of green plate 
crystals were isolated with another crystalline phase of SrFe3(AsO4)3 (40 %) which is 
iso-structural with SrFe3(PO4)3
12e
. Atomic coordinates and atomic parameters for 
Cs3Fe6(AsO4)7 are given in Tables 4.4 and 4.5 respectively, while selected bond 
distances and angles are reported in Table 4.13. 
Synthesis of Rb3Fe6(AsO4)7 and Cs0.51(1)Rb2.49(2)Fe6(AsO4)7 Single Crystals: 
It is noteworthy to mention that, Cs2.71(1)K0.29(2)Fe6(AsO4)7, 2, which is iso-structural 
with Cs3Fe6(AsO4)7, has been synthesized by one of our group member previously 
using a high temperature reaction of KO2, Fe2O3, As2O5 in the presence of CsCl/KCl 
eutectic flux. Moreover, the above reaction was repeated in different fluxes (see the 
synthesis discussion) and Rb3Fe6(AsO4)7, 5, and Cs0.51(1)Rb2.49(2)Fe6(AsO4)7, 6, were 
synthesized using the RbCl/RbI and CsCl/RbCl fluxes respectively. A heating 
program similar to above was used. A relatively large crystalline yield, ~90%, of 
green plate crystals were isolated in both reactions after washing with de-ionized 
water. Atomic coordinates and atomic parameters for Rb3Fe6(AsO4)7 and 
Cs0.51(1)Rb2.49(2)Fe6(AsO4)7 are given in Tables 4.9-4.11, while selected bond distances 
and angles are reported in Table 4.14.  
Synthesis of Cs2RbFe6(AsO4)7 Single Crystals: In an attempt of synthesizing 
iso-structures of Cs3Fe6(AsO4)7, Cs2RbFe6(AsO4)7, 3, was synthesized via two step 
reaction. In the first step stoichiometric synthesis reaction of Cs2RbFe6(AsO4)7 was 
performed (Figure 4.9). Here, an appropriate mixture of Cs2CO3, Rb2CO3, Fe2O3 and 
(NH4)H2AsO4 were used. 1 g of total reactants were mixed in a molar ratio of 2 : 1 : 6 
: 14 in the nitrogen purged dry box and loaded into an alumina crucible and the 
reaction mixture was heated (open air) to 800 °C at 2 °C min
-1
, isothermed for 48 hrs 
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and cool down to room temperature by 2 °C min
-1
. In the second step, 0.2 g of the as 
prepared powder from the first reaction was mixed with CsCl/RbCl flux inside the 
nitrogen-purged dry box. After that reaction was ground well and loaded into a silica 
ampoule and sealed in the vacuum then heated up to 800 °C at 1 °C min
-1
, isothermed 
for four days, slowly cooled to 300 °C at 0.1 °Cmin
-1
, and then furnace-cooled to 
room temperature. The crystalline phase was retrieved from the flux by washing the 
product with deionized water using a suction filtration method. A relatively large 
crystalline yield ~ 90% of green plate crystals was isolated. Atomic coordinates and 
atomic parameters for Cs2RbFe6(AsO4)7 are given in Tables 4.6 and 4.7 respectively, 
while selected bond distances and angles are reported in Table 4.13. 
Synthesis of Cs3-xRbxFe6(PO4)7 Solid Solution Series Where 2 ≤ x ≤ 2.75: 
Before moving to the synthetic reactions, it is important to mention that, all 
polycrystalline samples (1 g of the reactants were used in each reaction) were 
synthesized using a high-temperature solid state reaction. The reactants were ground 
in a nitrogen purged dry box and loaded into an alumina crucible. After that, the 
reaction mixtures were heated to 800 °C at 2 °C min
-1
, isothermed for two days and 
cool down to room temperature.  
Solid solution series of Cs3-xRbxFe6(PO4)7 where 2 ≤ x≤ 2.75 were synthesized 
using a stoichiometric mixture of Cs2CO3, Rb2CO3, Fe2O3 and (NH4)H2PO4. 
Additionally, a large number of other derivatives were synthesized, see further 
discussion under the synthesis. 
Synthesis of Cs3-xKx Fe6(AsO4)7 Solid Solution Series Where 0 ≤ x ≤ 1: For 
Cs3Fe6(AsO4)7, Cs2CO3 Fe2O3 and (NH4)H2AsO4 were used in a ratio of 3 : 6 : 14. 
Solid solution series of Cs3-xKxFe6(AsO4)7 where x = 0.25, 0.50, 0.75 and 1.00 was 
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achieved by mixing an appropriate mixture of Cs2CO3, K2CO3, Fe2O3 and 
(NH4)H2AsO4.  
Single Crystal X−ray Diffraction (SXRD): All single crystals were 
physically examined and selected under an optical microscope equipped with a 
polarizing light attachment. The data crystals were mounted on a glass and data were 
collected using a Rigaku Mercury CCD detector and an AFC-8S diffractometer 
equipped with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). The 
structures were solved by direct method using the SHELEX-97
12
 program
 
and refined 
on F
2
 by least-squares, full-matrix techniques.  
Powder X-Ray Diffraction: All the polycrystalline samples were 
characterized using Rigaku Ultima IV multipurpose X-ray diffraction system that is 
equipped with scintillation counter apparatus. The sample was examined in the 2θ 
range of 5– 65° with a 0.02 step size with the scan speed of 0.1 steps per second (~10 
hrs scan per sample). 
Magnetic Susceptibility: Temperature dependent magnetic measurements of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7 was carried out with a Quantum Design PPMS (physical 
property measurement system) magnetometer. The measurements were taken from 5 
K to 300 K in the applied field of 0.5 T. The magnetic susceptibility was corrected for 
the gel capsule and core diamagnetism with Pascal constants.
14
 
Spectroscopic Characterization: FTIR and optical absorption spectra were 
obtained using the procedures available in Chapter two. 
SEM and EDX Analyses: Scanning electron microscopy (SEM) and energy 
dispersive X-ray (EDX) spectroscopy were utilized to study the texture, topography, 
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surface features of solids studies and the chemical contents of both single crystals and 
polycrystalline samples. 
Differential Scanning Calorimetric (DSC) and Thermal Gravimetric 
Analysis (TGA): Thermal analyses of CsRb2Fe6(PO4)7 powder sample was 
performed from room temperature to 900 °C. 
Li-Ion-Exchange Reactions of Single Crystals of Cs0.79(2)Rb2.21(2)Fe6(PO4)7 
and Polycrystalline Powder of CsRb2Fe6(PO4)7: Ion-exchange of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7 single crystals (~ 20 mg) were performed using 10 mL of 1 
M LiNO3 solution at 200 °C in a Teflon-lined hydrothermal bomb. Similar setup was 
used to performed the ion exchange of the polycrystalline powder of CsRb2Fe6(PO4)7. 
This time 0.1 g of powder was used with 10 mL of 1 M LiNO3 solution at the same 
temperature.  
Electrochemical Characterization: The Li-ion-exchanged product of 
CsRb2Fe6(PO4)7 was employed on electrochemical evaluation. Here, 70% of the 
active material was laminated on an aluminum current collector using 15% PvDF 
binder in n-methyl pyrrolidinone and ~15% carbon (50/50 mix of acetylene black and 
SFG-6 graphite). The electrode capacities were measured using 2032 button cells with 
Li metal anode. Cycling was done with a 0.063 mA/cm
2
 current using MACCOR 
cycler with a 10 mA current. 
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Table 4.1 Crystallographic data for compounds A3Fe6(XO4)7, 1~6. 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0330P)2 + 11.3827 P] for 1, w = 1 / [σ2(Fo2) + 
(0.0686P)
2
 + 7.2479 P] for 2, w = 1 / [σ2(Fo2) + (0.0559P)2 + 9.5576 P] for 3, w = 1 / [σ2(Fo2) + (0.0453P)2 + 7.2479 P]. 
Empirical formula Cs0.79(2)Rb2.21(2)Fe6(PO4)7, 1 Cs2RbFe6(AsO4)7, 2 Cs2.71(1)K0.29(2)Fe6(AsO4)7, 3 
FW 1293.90 1658.83 1678.78 
Crystal System orthorhombic orthorhombic orthorhombic 
Crystal dimension, mm 0.54 x 0.48 x 0.21 0.42 x 0.21 x 0.18 0.62 x 0.41 x 0.27 
Space Group, Z Pbcm (no. 57), 4 Pbcm (no. 57), 4 Pbcm (no. 57), 4 
T, °C 27 27 27 
a, Å 9.7153(2) 10.004(2) 10.015(2) 
b, Å 9.3127(2) 9.6834(2) 9.6992(2) 
c, Å 25.855(5) 26.561(5) 26.685(5) 
V, Å
3
 2339.3(8) 2572.9(9) 2592.1(9) 
μ (Mo Kα), mm-1 10.011 17.016 16.050 
dcalc, g cm
-3
 3.674 4.282 4.302 
Data/restraints/parameters 2117/ 0/210 2327/0/208 2341/0/210 
Final R1, wR2
a
 [I > 2σ(I)], GOF 0.0347/ 0.0782/1.123 0.0484/0.1219/1.138 0.0412/0.1040/1.186 
Largest diff. peak/hole, e/ Å
3
 0.820/-1.128 1.733/-2.273 1.363/-2.159 
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Table 4.1 Crystallographic data for compounds A3Fe6(XO4)3, 1~6 cont… 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0321P)2 + 7.3127 P] for 4, w = 1 / [σ2(Fo2) + 
(0.0383P)
2
 + 6.1265 P] for 5, w = 1 / [σ2(Fo2) + (0.0511P)2 + 7.2231 P] for 6. 
Empirical formula Cs3Fe6(AsO4)7, 4 Rb3Fe6(AsO4)7, 5 Cs0.51(1)Rb2.49(2)Fe6(AsO4)7, 6 
FW 1706.27 1558.63 1588.08 
Crystal System orthorhombic orthorhombic orthorhombic 
Crystal dimension, mm 0.64 x 0.48 x 0.27 0.25 x 0.12 x 0.12 0.41 x 0.31 x 0.28 
Space Group, Z Pbcm (no. 57), 4 Pbcm (no. 57), 8 Pbcm (no. 57), 4 
T, °C 27 27 27 
a, Å 10.030(2) 19.942(2) 19.995(4) 
b, Å 9.7292(2) 9.6799(2) 9.6891(2) 
c, Å 26.789(5) 26.403(5) 26.505(5) 
V, Å
3
 2614.1(9) 5096.8(8) 5135.1(9) 
μ (Mo Kα), mm-1 16.270 18.159 17.776 
dcalc, g cm
-3
 4.335 4.076 4.108 
Data/restraints/parameters 2360/0/208 4475/0/398 4539/0/398 
Final R1, wR2
a
 [I > 2σ(I)], GOF 0.0266/0.0685/1.081 0.0411/0.1108 0.0462/0.1354/1.071 
Largest diff. peak/hole, e/ Å
3
 1.204/-1.806 0.921/-1.232 1.125/-1.411 
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Table 4.2. Atomic parameters for Cs0.79(2)Rb2.21(2)Fe6(PO4)7. 
 
 
 
 
 
 
 
Atom Wyck. Occ. x y z 
Rb(1) 4d 0.90(1) 0.9091(1) 0.2485(2) 1/4 
Cs(1) 4d 0.10(1) 0.9091(1) 0.2485(2) 1/4 
Rb(2) 8e 0.65(2) 0.5728(1) 0.2498(2) 0.1437(2) 
Cs(2) 8e 0.35(1) 0.5728(1) 0.2498(2) 0.1437(2) 
Fe(1) 8e 1.00 0.1313(1) 0.0013(8) 0.0387(3) 
Fe(2) 8e 1.00 0.8690(1) -0.0726(8) 0.3577(3) 
Fe(3) 4c 1.00 0.6087(1) 1/4 0 
Fe(4) 4d 1.00 1.3651(1) 0.1164(1) 1/4 
P(1) 8e 1.00 0.6467(1) -0.0668(1) 0.0490(2) 
P(2) 8e 1.00 0.9055(1) 0.2226(1) 0.0709(2) 
P(3) 8e 1.00 1.1584(1) 0.0828(1) 0.3390(2) 
P(4) 4d 1.00 0.6749(1) -0.0326(2) 1/4 
O(1) 8e 1.00 0.8666(4) 0.1395(4) 0.1186(1) 
O(2) 8e 1.00 1.0057(4) 0.3475(4) 0.0817(1) 
O(3) 8e 1.00 0.7814(4) 0.3091(4) 0.0474(1) 
O(4) 8e 1.00 1.0441(4) -0.0170(4) 0.3218(1) 
O(5) 8e 1.00 0.7100(4) -0.1101(4) 0.1012(1) 
O(6) 8e 1.00 1.1300(4) 0.2375(4) 0.3233(1) 
O(7) 8e 1.00 0.9634(4) 0.1163(4) 0.0298(1) 
O(8) 8e 1.00 0.6149(4) 0.0930(4) 0.0496(1) 
O(9) 8e 1.00 0.5144(4) -0.1522(4) 0.0445(1) 
O(10) 4d 1.00 0.6168(4) -0.1863(4) 1/4 
O(11) 8e 1.00 1.1901(4) 0.0715(4) 0.3963(1) 
O(12) 8e 1.00 0.7558(4) 0.0007(4) 0.2983(1) 
O(13) 8e 1.00 0.7437(4) -0.0961(4) 0.0035(1) 
O(14) 8e 1.00 1.2915(4) 0.0344(4) 0.3092(1) 
O(15) 4d 1.00 0.5500(4) 0.0697(4) 1/4 
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Table 4.3. Anisotropic thermal parameters (Å) for Cs0.79(2)Rb2.21(2)Fe6(PO4)7. 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.025(5) 0.021(5) 0.022(5) -0.004(3) 0.000 0.000 
Cs(1) 0.025(5) 0.021(5) 0.022(5) -0.004(3) 0.000 0.000 
Rb(2) 0.036(3) 0.036(4) 0.019(3) 0.007(2) 0.001(2) 0.002(2) 
Cs(2) 0.036(3) 0.036(4) 0.019(3) 0.007(2) 0.001(2) 0.002(2) 
Fe(1) 0.014(4) 0.011(4) 0.013(4) 0.001(3) 0.005(3) 0.003(3) 
Fe(2) 0.012(4) 0.011(4) 0.012(4) -0.007(3) 0.005(3) -0.005(3) 
Fe(3) 0.011(5) 0.009(5) 0.013(6) 0.000 0.000 -0.002(4) 
Fe(4) 0.012(5) 0.014(5) 0.015(6) 0.009(4) 0.000 0.000 
P(1) 0.012(2) 0.011(6) 0.013(7) -0.001(5) -0.001(5) 0.003(5) 
P(2) 0.012(2) 0.011(7) 0.011(7) -0.003(5) 0.007(5) -0.002(5) 
P(3) 0.015(2) 0.012(6) 0.013(7) 0.001(5) 0.006(5) 0.000 
P(4) 0.012(2) 0.013(5) 0.013(1) 0.005(7) 0.000 0.000 
O(1) 0.019(1) 0.013(1) 0.014(2) -0.005(1) -0.001(1) 0.001(1) 
O(2) 0.016(1) 0.011(1) 0.016(2) -0.009(1) -0.009(1) -0.001(1) 
O(3) 0.014(1) 0.010(1) 0.009(5) -0.007(1) -0.005(1) -0.001(1) 
O(4) 0.017(1) 0.014(1) 0.017(2) -0.003(1) 0.001(1) -0.005(1) 
O(5) 0.017(1) 0.015(1) 0.018(2) 0.000 -0.002(1) 0.002(1) 
O(6) 0.022(1) 0.009(1) 0.016(2) 0.003(1) -0.001(1) 0.004(1) 
O(7) 0.017(1) 0.011(1) 0.014(2) 0.001(1) -0.004(1) 0.007(1) 
O(8) 0.023(1) 0.010(1) 0.020(2) -0.001(1) -0.002(1) 0.006(1) 
O(9) 0.019(1) 0.018(1) 0.018(2) -0.005(1) -0.009(1) 0.003(1) 
O(10) 0.023(3) 0.014(3) 0.029(3) -0.007(2) 0.000 0.000 
O(11) 0.023(2) 0.016(1) 0.015(2) -0.004(1) 0.002(1) 0.007(1) 
O(12) 0.029(2) 0.016(1) 0.016(2) 0.006(1) -0.007(1) 0.006(1) 
O(13) 0.017(1) 0.018(1) 0.020(2) -0.007(1) 0.006(1) 0.001(1) 
O(14) 0.019(1) 0.020(1) 0.023(2) 0.003(1) 0.009(1) 0.004(1) 
O(15) 0.020(3) 0.017(3) 0.031(4) 0.003(2) 0.000 0.000 
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Table 4.4. Atomic parameters for Cs3Fe6(AsO4)7. 
Atom Wyck. x y z 
Cs(1) 4d 0.6046(5) 0.2497(5) 1/4 
Cs(2) 8e 0.9326(4) 0.2565(4) 0.3556(1) 
Fe(1) 8e 1.3725(7) -0.0025(7) 0.5383(3) 
Fe(2) 8e 0.3684(7) 0.0753(7) 0.3578(3) 
Fe(3) 4c 0.8872(9) 1/4 1/2 
Fe(4) 4d 0.8634(9) -0.1034(1) 1/4 
As(1) 8e 1.1501(5) 0.0692(5) 0.4523(2) 
As(2) 8e 0.5945(5) 0.2797(5) 0.0703(2) 
As(3) 8e 0.6532(5) -0.0844(5) 0.3399(2) 
As(4) 4d 0.1760(6) 0.0466(7) 1/4 
O(1) 8e 0.6345(3) 0.3686(3) 0.1208(1) 
O(2) 8e 0.4925(3) 0.1434(3) 0.0818(1) 
O(3) 8e 0.7219(3) 0.1830(3) 0.0459(1) 
O(4) 8e 0.5334(3) 0.0231(3) 0.3208(1) 
O(5) 8e 1.2109(3) 0.1165(4) 0.3966(1) 
O(6) 8e 0.6255(4) -0.2465(3) 0.3222(1) 
O(7) 8e 0.5356(3) 0.3908(3) 0.0263(1) 
O(8) 8e 1.1248(4) -0.1006(4) 0.4513(1) 
O(9) 8e 1.0049(4) 0.1528(4) 0.4563(1) 
O(10) 4d 0.0402(5) -0.0556(6) 1/4 
O(11) 8e 0.6854(4) -0.0771(4) 0.4005(1) 
O(12) 8e 0.2564(4) 0.0028(4) 0.3015(1) 
O(13) 8e 1.2519(4) 0.1025(4) 0.5005(1) 
O(14) 8e 0.7936(4) -0.0305(4) 0.3088(1) 
O(15) 4d 0.1149(5) 0.2079(5) 1/4 
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Table 4.5. Anisotropic thermal parameters for (Å) Cs3Fe6(AsO4)7. 
Atom U11 U22 U33 U12 U13 U23 
Cs(1) 0.018(3) 0.013(2) 0.016(3) -0.004(1) 0.000 0.000 
Cs(2) 0.030(2) 0.034(2) 0.013(2) 0.010(1) 0.003(1) 0.003(1) 
Fe(1) 0.009(3) 0.005(3) 0.008(4) -0.001(2) -0.004(3) -0.004(3) 
Fe(2) 0.007(3) 0.006(3) 0.006(4) 0.0002(3) 0.007(3) 0.007(2) 
Fe(3) 0.006(5) 0.004(4) 0.007(5) 0.000 0.000 0.005(4) 
Fe(4) 0.007(5) 0.007(5) 0.010(5) -0.002(4) 0.000 0.000 
As(1) 0.007(2) 0.005(3) 0.006(3) 0.001(1) 0.001(1) 0.009(7) 
As(2) 0.007(2) 0.003(2) 0.005(3) 0.001(1) -0.002(1) -0.0007(1) 
As(3) 0.008(3) 0.005(2) 0.007(3) 0.004(1) 0.001(1) 0.006(7) 
As(4) 0.007(3) 0.005(3) 0.006(3) -0.003(2) 0.000 0.000 
O(1) 0.018(1) 0.006(1) 0.010(1) 0.004(1) -0.005(1) -0.004(1) 
O(2) 0.011(1) 0.004(1) 0.010(1) -0.002(1) 0.0006(1) 0.002(1) 
O(3) 0.009(1) 0.004(1) 0.010(1) 0.001(1) 0.001(1) -0.001(1) 
O(4) 0.012(1) 0.011(1) 0.013(1) 0.006(1) 0.005(1) 0.004(1) 
O(5) 0.011(1) 0.013(1) 0.008(1) 0.009(1) 0.003(1) 0.004(1) 
O(6) 0.016(1) 0.005(1) 0.013(1) -0.002(1) -0.002(1) 0.001(1) 
O(7) 0.009(1) 0.007(1) 0.008(1) 0.003(1) 0.001(1) 0.002(1) 
O(8) 0.024(2) 0.004(1) 0.015(2) -0.001(1) 0.006(1) 0.001(1) 
O(9) 0.013(1) 0.012(1) 0.013(1) 0.009(1) 0.009(1) 0.001(1) 
O(10) 0.011(3) 0.020(3) 0.036(4) -0.005(2) 0.000 0.000 
O(11) 0.023(2) 0.018(1) 0.012(2) 0.008(1) -0.007(1) -0.002(1) 
O(12) 0.029(2) 0.011(1) 0.013(1) 0.000(1) -0.015(1) 0.008(1) 
O(13) 0.014(1) 0.013(1) 0.018(2) 0.001(1) -0.008(1) -0.009(1) 
O(14) 0.016(1) 0.014(1) 0.019(2) -0.004(1) 0.009(1) -0.002(1) 
O(15) 0.017(3) 0.005(2) 0.024(3) 0.003(2) 0.000 0.000 
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Table 4.6. Atomic parameters for Cs2RbFe6(AsO4)7. 
Atom Wyck. x y z 
Cs 8e 0.9282(8) 0.2494(8) 0.3551(3) 
Rb 4d 0.5993(1) 0.2488(1) 1/4 
Fe(1) 8e 1.3719(1) -0.0012(1) 0.5383(5) 
Fe(2) 8e 0.3694(1) 0.0751(1) 0.3570(5) 
Fe(3) 4c 0.8876(1) 1/4 1/2 
Fe(4) 4d 0.8664(1) -0.1074(1) 1/4 
As(1) 8e 1.1504(8) 0.0691(9) 0.4518(3) 
As(2) 8e 0.5937(8) 0.2791(9) 0.0706(3) 
As(3) 8e 0.6535(9) -0.0845(9) 0.33889(4) 
As(4) 4d 0.1774(1) 0.0414(1) 1/4 
O(1) 8e 0.6318(6) 0.3683(7) 0.1216(2) 
O(2) 8e 0.4923(6) 0.1422(6) 0.0824(2) 
O(3) 8e 0.7215(6) 0.1826(6) 0.0465(2) 
O(4) 8e 0.5374(7) 0.0250(6) 0.3192(3) 
O(5) 8e 1.2118(6) 0.1171(6) 0.3957(2) 
O(6) 8e 0.6233(6) -0.2475(6) 0.3207(3) 
O(7) 8e 0.5358(6) 0.3908(6) 0.0264(2) 
O(8) 8e 1.1255(6) -0.1011(6) 0.4504(3) 
O(9) 8e 1.0051(6) 0.1522(7) 0.4554(3) 
O(10) 4d 0.0432(1) -0.0613(1) 1/4 
O(11) 8e 0.6843(7) -0.0781(7) 0.3999(2) 
O(12) 8e 0.2579(1) -0.0013(7) 0.3009(3) 
O(13) 8e 1.2517(7) 0.1021(7) 0.5007(3) 
O(14) 8e 0.7962(7) -0.0331(7) 0.3082(3) 
O(15) 4d 0.1159(9) 0.2026(10) 1/4 
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Table 4.7. Anisotropic thermal parameters for (Å) Cs2RbFe6(AsO4)7. 
 
 
 
 
 
 
 
Atom U11 U22 U33 U12 U13 U23 
Cs 0.042(5) 0.045(5) 0.028(4) 0.012(3) 0.007(3) 0.006(3) 
Rb 0.049(9) 0.031(8) 0.034(9) -0.005(7) 0.000 0.000 
Fe(1) 0.014(6) 0.012(6) 0.016(7) -0.001(4) 0.001(5) -0.002(5) 
Fe(2) 0.021(6) 0.014(7) 0.013(7) 0.001(5) -0.001(5) -0.002(5) 
Fe(3) 0.011(8) 0.013(9) 0.021(1) 0.000 0.000 0.001(7) 
Fe(4) 0.013(8) 0.016(9) 0.016(9) -0.001(7) 0.000 0.000 
As(1) 0.012(4) 0.012(5) 0.021(5) 0.001(3) -0.005(3) 0.004(3) 
As(2) 0.013(4) 0.011(5) 0.012(5) 0.002(3) -0.001(3) 0.005(3) 
As(3) 0.024(5) 0.013(5) 0.015(5) 0.000 0.005(3) -0.009(3) 
As(4) 0.012(6) 0.014(6) 0.014(6) -0.001(5) 0.000 0.000 
O(1) 0.031(3) 0.014(3) 0.019(3) 0.001(3) -0.001(3) -0.004(3) 
O(2) 0.018(3) 0.010(3) 0.020(3) -0.004(2) 0.004(2) 0.002(2) 
O(3) 0.016(3) 0.011(3) 0.018(3) 0.003(2) 0.001(2) 0.005(2) 
O(4) 0.039(4) 0.015(3) 0.020(3) 0.008(3) 0.005(3) 0.002(3) 
O(5) 0.017(3) 0.016(3) 0.025(4) 0.003(2) 0.002(2) 0.006(3) 
O(6) 0.023(3) 0.013(3) 0.029(4) 0.001(2) 0.007(3) 0.001(3) 
O(7) 0.017(3) 0.010(3) 0.017(3) 0.003(2) -0.002(2) 0.000(2) 
O(8) 0.025(3) 0.012(3) 0.028(4) 0.001(3) 0.001(3) 0.001(3) 
O(9) 0.017(3) 0.025(4) 0.031(4) 0.004(3) -0.003(3) -0.006(3) 
O(10) 0.017(5) 0.026(6) 0.093(10) -0.009(4) 0.00000 0.000 
O(11) 0.029(3) 0.023(4) 0.019(4) 0.005(3) -0.001(3) -0.004(3) 
O(12) 0.089(7) 0.019(4) 0.030(4) -0.004(4) -0.035(5) 0.004(3) 
O(13) 0.020(3) 0.022(3) 0.028(4) 0.004(3) -0.006(3) -0.003(3) 
O(14) 0.037(4) 0.027(4) 0.023(4) -0.014(3) 0.015(3) -0.010(3) 
O(15) 0.027(5) 0.019(5) 0.033(6) 0.006(4) 0.000 0.000 
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Table 4.8. Atomic parameters for Rb3Fe6(AsO4)7. 
Atom Wyck. x y z 
Rb(1) 8c 0.2937(8) 0.7358(4) 0.6476(5) 
Rb(2) 8c 0.2212(7) 0.2386(3) 0.3625(4) 
Rb(3) 8c 0.0464(7) 0.2522(3) 0.2445(4) 
Fe(1) 8c 0.0752(8) 0.9261(6) 0.3578(6) 
Fe(2) 8c -0.0569(8) 0.4232(6) 0.3541(6) 
Fe(3) 8c 0.3064(8) 0.7485(4) 0.50760(6) 
Fe(4) 8c -0.0610(8) 0.9975(5) 0.4591(6) 
Fe(5) 8c 0.0675(8) 0.5002(5) 0.4639(6) 
Fe(6) 8c 0.1846(9) 0.6064(8) 0.2476(6) 
As(1) 8c 0.0874(6) 0.5849(1) 0.3405(4) 
As(2) 8c 0.1764(6) 0.9304(1) 0.4581(4) 
As(3) 8c 0.3256(5) 1.0670(1) 0.5557(4) 
As(4) 8c 0.0666(6) 0.5822(1) 0.1649(4) 
As(5) 8c 0.0511(6) 0.2215(1) 0.4303(4) 
As(6) 8c -0.0428(6) 0.7202(1) 0.4268(4) 
As(7) 8c 0.1626(6) 0.9564(2) 0.2478(4) 
O(1) 8c -0.1084(4) 0.8166(7) 0.4489(3) 
O(2) 8c -0.0005(4) 0.3569(7) 0.4172(3) 
O(3) 8c 0.3599(4) 1.1169(8) 0.6109(3) 
O(4) 8c 0.1127(4) 0.3179(7) 0.4574(3) 
O(5) 8c 0.1490(4) 0.8804(8) 0.4013(3) 
O(6) 8c 0.0088(4) 0.8577(7) 0.4168(3) 
O(7) 8c -0.0162(4) 0.6104(8) 0.4725(3) 
O(8) 8c 0.0714(4) 0.7477(7) 0.3213(3) 
O(9) 8c 0.0311(4) 0.4733(8) 0.3202(3) 
O(10) 8c 0.0202(4) 0.1087(7) 0.4737(3) 
O(11) 8c 0.2489(4) 0.8492(8) 0.4637(3) 
O(12) 8c 0.0748(4) 0.1336(8) 0.3800(3) 
O(13) 8c 0.0540(4) 0.7455(7) 0.1832(3) 
O(14) 8c 0.3134(4) 0.8969(8) 0.5582(3) 
O(15) 8c 0.1886(4) 1.1012(8) 0.4575(3) 
O(16) 8c 0.2527(4) 1.1501(8) 0.5523(3) 
O(17) 8c 0.0997(4) 0.5805(8) 0.4027(3) 
O(18) 8c 0.1233(4) 0.8959(8) 0.5059(3) 
O(19) 8c 0.0848(4) 0.5767(9) 0.1041(3) 
O(20) 8c -0.0595(4) 0.6311(8) 0.3749(3) 
O(21) 8c 0.1620(4) 0.5423(8) 0.3126(3) 
O(22) 8c 0.3748(4) 1.0994(8) 0.5050(3) 
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Table 4.9. Anisotropic thermal parameters (Å) for Rb3Fe6(AsO4)7. 
O(23) 8c 0.0045(4) 0.4776(8) 0.1829(3) 
O(24) 8c 0.1033(4) 0.9984(8) 0.2077(3) 
O(25) 8c 0.1341(5) 0.5194(8) 0.1971(3) 
O(26) 8c 0.1429(4) 0.9969(8) 0.3063(3) 
O(27) 8c 0.1934(5) 0.7957(9) 0.2415(3) 
O(28) 8c 0.2280(4) 1.0582(8) 0.2314(3) 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.045(9) 0.044(8) 0.020(6) -0.017(6) 0.002(5) -0.009(5) 
Rb(2) 0.030(7) 0.045(7) 0.021(6) -0.015(5) 0.005(5) -0.009(5) 
Rb(3) 0.029(7) 0.028(7) 0.028(6) 0.009(5) 0.003(5) -0.005(4) 
Fe(1) 0.018(9) 0.019(8) 0.015(8) 0.006(6) -0.001(6) -0.008(6) 
Fe(2) 0.017(9) 0.019(8) 0.015(8) -0.001(6) 0.006(6) -0.007(6) 
Fe(3) 0.0167(9) 0.018(8) 0.017(8) 0.006(6) 0.000(6) -0.001(6) 
Fe(4) 0.019(9) 0.018(8) 0.016(8) -0.001(6) 0.003(6) -0.001(6) 
Fe(5) 0.011(9) 0.014(8) 0.017(8) 0.008(6) -0.002(6) 0.000(6) 
Fe(6) 0.015(9) 0.020(8) 0.015(8) -0.002(7) -0.006(6) 0.005(6) 
As(1) 0.019(6) 0.018(6) 0.015(6) -0.003(4) 0.011(4) 0.002(4) 
As(2) 0.015(6) 0.0183(6) 0.016(6) 0.001(4) -0.007(4) -0.005(4) 
As(3) 0.015(6) 0.017(6) 0.017(6) 0.001(4) 0.000(4) -0.001(4) 
As(4) 0.019(6) 0.018(6) 0.016(6) -0.001(4) -0.002(4) -0.006(4) 
As(5) 0.017(6) 0.016(5) 0.015(6) 0.001(4) 0.000(4) -0.003(4) 
As(6) 0.016(6) 0.015(6) 0.015(6) 0.005(4) 0.001(4) -0.002(4) 
As(7) 0.017(6) 0.018(6) 0.016(6) -0.003(5) 0.002(4) 0.002(4) 
O(1) 0.014(4) 0.018(4) 0.017(3) 0.004(3) -0.001(3) -0.005(3) 
O(2) 0.016(4) 0.021(4) 0.021(4) 0.002(3) -0.005(3) 0.000(3) 
O(3) 0.024(5) 0.028(4) 0.019(4) 0.008(3) 0.003(3) -0.002(3) 
O(4) 0.018(4) 0.014(3) 0.021(4) -0.007(3) 0.002(3) 0.003(3) 
O(5) 0.028(5) 0.020(4) 0.022(4) 0.000(3) -0.004(3) -0.001(3) 
O(6) 0.013(4) 0.015(4) 0.028(4) -0.001(3) 0.004(3) 0.003(3) 
O(7) 0.018(4) 0.025(4) 0.017(4) 0.003(3) 0.006(3) 0.005(3) 
O(8) 0.020(4) 0.020(4) 0.021(4) 0.003(3) -0.004(3) 0.001(3) 
O(9) 0.029(5) 0.024(4) 0.017(4) -0.003(3) 0.005(3) -0.003(3) 
O(10) 0.025(4) 0.017(4) 0.016(4) -0.006(3) -0.003(3) 0.003(3) 
O(11) 0.023(5) 0.033(4) 0.023(4) 0.002(4) 0.002(3) 0.000(3) 
O(12) 0.030(5) 0.020(4) 0.018(4) -0.002(3) 0.001(3) -0.006(3) 
O(13) 0.024(5) 0.015(4) 0.032(5) 0.001(3) -0.002(3) 0.002(3) 
O(14) 0.037(5) 0.018(4) 0.027(4) 0.000(4) -0.004(4) 0.005(3) 
O(15) 0.029(5) 0.021(4) 0.028(4) 0.007(3) -0.001(3) 0.003(3) 
O(16) 0.023(5) 0.030(4) 0.031(5) 0.008(3) 0.003(3) 0.000(4) 
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Table 4.10. Atomic parameters for Cs0.51(1)Rb2.49(2)Fe6(AsO4)7. 
Atom Wyck. Occ. x y z 
Rb(1) 8c 1.00 0.2921(5) 0.7388(1) 0.6475(3) 
Rb(2) 8c 0.45(1) 0.2197(4) 0.2429(9) 0.3597(3) 
Cs(2) 8c 0.55(1) 0.2197(4) 0.2429(9) 0.3597(3) 
Rb(3) 8c 1.00 0.0466(5) 0.2509(1) 0.2457(3) 
Fe(1) 8c 1.00 0.0729(6) 0.9259(3) 0.3579(4) 
Fe(2) 8c 1.00 -0.0585(6) 0.4236(3) 0.3549(4) 
Fe(3) 8c 1.00 0.3062(6) 0.7492(2) 0.5058(4) 
Fe(4) 8c 1.00 -0.0616(6) 0.9977(2) 0.4595(4) 
Fe(5) 8c 1.00 0.0665(6) 0.4999(3) 0.4634(4) 
Fe(6) 8c 1.00 0.1838(7) 0.6064(5) 0.2483(4) 
As(1) 8c 1.00 0.0851(4) 0.5849(9) 0.3405(3) 
As(2) 8c 1.00 0.1759(4) 0.9307(9) 0.4570(3) 
As(3) 8c 1.00 0.3258(4) 1.0679(9) 0.5539(3) 
As(4) 8c 1.00 0.0685(4) 0.5826(9) 0.1639(3) 
As(5) 8c 1.00 0.0501(4) 0.2214(9) 0.4302(3) 
As(6) 8c 1.00 -0.0438(4) 0.7201(9) 0.4275(3) 
As(7) 8c 1.00 0.1621(4) 0.9569(1) 0.2483(3) 
O(1) 8c 1.00 -0.1091(3) 0.8162(6) 0.4501(2) 
O(2) 8c 1.00 -0.0011(3) 0.3571(6) 0.4173(2) 
O(3) 8c 1.00 0.3588(3) 1.1163(7) 0.6095(2) 
O(4) 8c 1.00 0.1127(3) 0.3188(6) 0.4564(2) 
O(5) 8c 1.00 0.1476(3) 0.8816(7) 0.4002(2) 
O(6) 8c 1.00 0.0074(3) 0.8583(6) 0.4175(2) 
O(7) 8c 1.00 -0.0162(3) 0.6098(6) 0.4730(2) 
O(17) 0.032(5) 0.035(5) 0.014(4) -0.004(4) -0.005(3) 0.006(3) 
O(18) 0.024(4) 0.023(4) 0.022(4) 0.001(3) 0.005(3) 0.002(3) 
O(19) 0.025(5) 0.035(5) 0.020(4) -0.011(4) 0.007(3) -0.003(3) 
O(20) 0.035(5) 0.018(4) 0.018(4) -0.007(3) 0.001(3) -0.001(3) 
O(21) 0.026(5) 0.025(4) 0.024(4) 0.011(3) 0.006(3) 0.006(3) 
O(22) 0.025(5) 0.030(4) 0.022(4) 0.004(4) 0.008(3) -0.005(3) 
O(23) 0.025(5) 0.023(4) 0.019(4) -0.009(3) -0.002(3) 0.002(3) 
O(24) 0.033(5) 0.031(4) 0.022(4) 0.003(4) -0.005(4) -0.004(3) 
O(25) 0.033(5) 0.029(4) 0.032(5) 0.003(4) -0.012(4) -0.004(3) 
O(26) 0.032(5) 0.027(4) 0.025(4) -0.006(4) 0.002(4) -0.001(3) 
O(27) 0.033(5) 0.023(4) 0.029(4) 0.007(4) -0.003(4) -0.005(3) 
O(28) 0.030(5) 0.030(4) 0.028(4) -0.005(4) -0.003(4) 0.008(4) 
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O(8) 8c 1.00 0.0689(3) 0.7467(6) 0.3218(2) 
O(9) 8c 1.00 0.0288(3) 0.4726(6) 0.3202(2) 
O(10) 8c 1.00 0.0191(3) 0.1092(6) 0.4742(2) 
O(11) 8c 1.00 0.2488(3) 0.8492(7) 0.4618(2) 
O(12) 8c 1.00 0.0725(3) 0.1312(7) 0.3800(2) 
O(13) 8c 1.00 0.0553(3) 0.7464(6) 0.1817(2) 
O(14) 8c 1.00 0.3130(3) 0.8978(6) 0.5561(2) 
O(15) 8c 1.00 0.1881(3) 1.1015(7) 0.4560(2) 
O(16) 8c 1.00 0.2527(3) 1.1508(7) 0.5502(2) 
O(17) 8c 1.00 0.0980(3) 0.5802(7) 0.4024(2) 
O(18) 8c 1.00 0.1246(3) 0.8967(6) 0.5051(2) 
O(19) 8c 1.00 0.0865(3) 0.5767(7) 0.1030(2) 
O(20) 8c 1.00 -0.0607(3) 0.6314(7) 0.3759(2) 
O(21) 8c 1.00 0.1591(3) 0.5414(7) 0.3119(2) 
O(22) 8c 1.00 0.3747(3) 1.1009(7) 0.5038(2) 
O(23) 8c 1.00 0.0071(3) 0.4772(7) 0.1824(2) 
O(24) 8c 1.00 0.1057(3) 1.0006(7) 0.2058(2) 
O(25) 8c 1.00 0.1372(3) 0.5228(7) 0.1961(3) 
O(26) 8c 1.00 0.1381(3) 0.9990(7) 0.3062(2) 
O(27) 8c 1.00 0.1934(3) 0.7956(7) 0.2435(3) 
O(28) 8c 1.00 0.2280(3) 1.0589(8) 0.2353(3) 
 
Table 4.11. Anisotropic thermal parameters (Å) for Cs0.51(1)Rb2.49(2)Fe6(AsO4)7. 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.025(5) 0.027(5) 0.004(4) -0.004(4) 0.002(3) -0.003(3) 
Rb(2) 0.028(5) 0.039(5) 0.017(4) -0.009(3) 0.003(3) -0.006(3) 
Cs(2) 0.028(5) 0.039(5) 0.017(4) -0.009(3) 0.003(3) -0.006(3) 
Rb(3) 0.027(5) 0.024(6) 0.021(5) 0.004(4) 0.004(3) -0.003(3) 
Fe(1) 0.013(6) 0.013(6) 0.007(6) 0.004(5) -0.001(4) -0.006(4) 
Fe(2) 0.011(6) 0.012(6) 0.009(6) -0.006(5) -0.001(4) -0.001(4) 
Fe(3) 0.011(6) 0.011(6) 0.011(6) 0.004(4) 0.0001(4) -0.004(5) 
Fe(4) 0.011(6) 0.011(6) 0.009(6) -0.001(4) 0.003(4) 0.003(4) 
Fe(5) 0.012(6) 0.012(6) 0.009(6) 0.001(5) 0.001(5) 0.004(4) 
Fe(6) 0.012(6) 0.014(7) 0.011(6) 0.007(5) -0.005(4) -0.005(4) 
As(1) 0.013(4) 0.012(5) 0.008(4) -0.001(3) 0.001(3) 0.001(3) 
As(2) 0.011(4) 0.012(5) 0.009(4) 0.001(3) -0.007(3) -0.005(3) 
As(3) 0.010(4) 0.012(5) 0.009(4) 0.001(3) -0.006(3) -0.005(3) 
As(4) 0.014(4) 0.012(5) 0.008(4) -0.004(3) -0.020(3) -0.004(3) 
As(5) 0.011(4) 0.010(4) 0.006(4) -0.002(3) 0.003(3) -0.002(3) 
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As(6) 0.011(4) 0.010(4) 0.007(4) 0.004(3) -0.001(3) -0.001(3) 
As(7) 0.010(4) 0.012(5) 0.007(4) -0.007(3) 0.005(3) 0.000(3) 
O(1) 0.010(3) 0.013(3) 0.013(3) 0.001(2) -0.002(2) -0.002(2) 
O(2) 0.018(3) 0.014(3) 0.013(3) 0.000(2) -0.001(2) 0.003(2) 
O(3) 0.016(3) 0.021(3) 0.010(3) 0.002(2) -0.004(2) -0.004(2) 
O(4) 0.010(3) 0.011(3) 0.017(3) -0.004(2) 0.003(2) 0.003(2) 
O(5) 0.019(3) 0.016(3) 0.016(3) 0.000(3) -0.003(2) -0.002(2) 
O(6) 0.016(3) 0.011(3) 0.017(3) -0.004(2) 0.001(2) 0.001(2) 
O(7) 0.014(3) 0.013(3) 0.008(3) 0.002(2) 0.001(2) 0.002(2) 
O(8) 0.020(3) 0.014(3) 0.012(3) 0.002(2) -0.002(2) 0.000(2) 
O(9) 0.017(3) 0.014(3) 0.012(3) -0.005(2) 0.003(2) -0.002(2) 
O(10) 0.014(3) 0.007(3) 0.013(3) -0.002(2) 0.000(2) 0.002(2) 
O(11) 0.016(3) 0.026(4) 0.014(3) 0.008(3) -0.003(2) 0.001(3) 
O(12) 0.026(3) 0.017(3) 0.007(3) -0.001(3) 0.003(2) -0.002(2) 
O(13) 0.024(3) 0.006(3) 0.014(3) 0.000(2) 0.002(3) 0.000(2) 
O(14) 0.030(4) 0.008(3) 0.020(3) 0.000(3) -0.001(3) -0.001(3) 
O(15) 0.026(3) 0.018(3) 0.015(3) 0.001(3) 0.002(3) -0.003(3) 
O(16) 0.014(3) 0.024(4) 0.024(3) 0.007(3) 0.000(3) 0.003(3) 
O(17) 0.029(4) 0.021(4) 0.008(3) -0.005(3) -0.003(3) 0.001(2) 
O(18) 0.021(3) 0.015(3) 0.015(3) 0.001(3) 0.006(2) 0.002(2) 
O(19) 0.026(3) 0.026(4) 0.010(3) -0.008(3) 0.003(3) -0.005(3) 
O(20) 0.016(3) 0.018(3) 0.011(3) 0.000(2) -0.003(2) 0.000(2) 
O(21) 0.014(3) 0.030(4) 0.013(3) 0.007(3) 0.005(2) 0.002(3) 
O(22) 0.018(3) 0.023(3) 0.015(3) 0.002(3) 0.005(2) -0.001(3) 
O(23) 0.022(3) 0.019(3) 0.014(3) -0.010(3) -0.005(2) 0.001(2) 
O(24) 0.029(4) 0.021(4) 0.019(3) 0.007(3) -0.010(3) 0.000(3) 
O(25) 0.022(3) 0.021(4) 0.027(4) 0.004(3) -0.009(3) -0.007(3) 
O(26) 0.034(4) 0.022(3) 0.006(3) -0.011(3) 0.004(3) 0.000(2) 
O(27) 0.022(4) 0.014(4) 0.029(4) 0.002(3) 0.004(3) -0.002(3) 
O(28) 0.014(3) 0.031(4) 0.028(4) -0.008(3) -0.002(3) 0.007(3) 
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Table 4.12. Selected bond distances and angles for Cs0.79(2)Rb2.21(2)Fe6(PO4)7. 
Fe(1)O6 P(1)O4 
Fe(1)−O(2)a  2.249(3) Å P(1)−O(5) 1.535(3) Å 
Fe(1)−O(3)a 1.994(3) Å P(1)−O(8) 1.520(3) Å 
Fe(1)−O(7)b 1.965(3) Å P(1)−O(9) 1.516(3) Å 
Fe(1)−O(7)c 2.279(3) Å P(1)−O(13) 1.532(3) Å 
Fe(1)−O(11)d 1.889(4) Å P(2)O4 
Fe(1)−O(13)c 1.857(4) Å P (2)−O(1) 1.505(3) Å 
Fe(2)O6 P(2)−O(2) 1.541(3) Å 
Fe(2)−O(1)e 2.067(3) Å P(2)−O(3) 1.573(3) Å 
Fe(2)−O(2)f 2.118(3) Å P(2)−O(7) 1.559(3) Å 
Fe(2)−O(4) 2.005(3) Å P(3)O4 
Fe(2)−O(5)g 1.907(3) Å P(3)−O(4) 1.516(3) Å 
Fe(2)−O(6) 1.979(3) Å P(3)−O(6) 1.522(3) Å 
Fe(2)−O(12) 2.009(4) Å P(3)−O(11) 1.516(4) Å 
Fe(3)O6 P(3)−O(14) 1.571(3) Å 
Fe(3)−O(3)ix2 2.150(3) Å P(4)O4 
Fe(3)−O(8)x2 1.947(4) Å P(4)−O(10) 1.538(5) Å 
Fe(3)−O(9)c,hx2 1.893(4) Å P(4)−O(12)x2 1.508(3) Å 
Fe(4)O4 P(4)−O(15) 1.544(5) Å 
Fe(4)−O(10)j 1.845(5) Å Fe(1)−O(7)−Fe(1) 99.5(3)° 
Fe(4)−O(14)kx2 1.855(4) Å Fe(1)−O(2)−Fe(2) 118.7(3)° 
Fe(4)−O(15)l 1.848(5) Å Fe(1)−O(3)−Fe(3) 119.8(3)° 
a-l
Symmetry codes: (a) -x+1,y-1/2,z; (b) 7 x-1,y,z; (c) 8 -x+1,-y,-z; (d) 6 x-1,y,-z+1/2; (e) 
1 x,y,-z+1/2; (f) -x+2,y-1/2,-z+1/2; (g) -x+2,y-1/2,z; (h) -x+1,y+1/2,z; (i) x,-y+1/2,-z; (j) 
-x+2,y+1/2,-z+1/2; (k) x+1,y,z; (l) x,y,-z+1/2 
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Table 4.13. Selected bond distances and angles for Cs2RbFe6(AsO4)7, 2 
Cs2.71(1)K0.29(2)Fe6(AsO4)7, 3 and Cs3Fe6(AsO4)7, 4. 
 2 3 4 
Fe(1)O6 
Fe(1)−O(2)a  2.248(3) Å 2.250(3) Å 2.251(3) Å 
Fe(1)−O(3) a 2.001(3) Å 2.003(3) Å 2.005(3) Å 
Fe(1)−O(7)b 1.987(3) Å 1.989(3) Å 1.990(3) Å 
Fe(1)−O(7)c 2.218(3) Å 2.219(3) Å 2.220(3) Å 
Fe(1)−O(11)d 1.901(4) Å 1.903(4) Å 1.903(4) Å 
Fe(1)−O(13) 1.875(4) Å 1.878(4) Å 1.880(4) Å 
Fe(2)O6 
Fe(2)−O(1)g 2.082(3) Å 2.086(3) Å 2.090(3) Å 
Fe(2)−O(2)h 2.140(3) Å 2.141(3) Å 2.144(3) Å 
Fe(2)−O(4) 1.991(3) Å 1.992(3) Å 1.995(3) Å 
Fe(2)−O(5)e 1.931(3) Å 1.932(3) Å 1.933(3) Å 
Fe(2)−O(6)f 1.975(3) Å 1.979(3) Å 1.980(3) Å 
Fe(2)−O(12) 2.002(4) Å 2.005(4) Å 2.009(4) Å 
Fe(3)O6 
Fe(3)−O(3)h,l x 2 2.160(3) Å 2.161(3) Å 2.165(3) Å 
Fe(3)−O(8)j,d x 2 1.956(4) Å 1.956(4) Å 1.956(4) Å 
Fe(3)−O(9)i x 2 1.911(4) Å 1.911(4) Å 1.911(4) Å 
Fe(4)O4 
Fe(4)−O(10)k 1.827(5) Å 1.829(5) Å 1.832(5) Å 
Fe(4)−O(14)h x 2 1.858(4) Å 1.859(4) Å 1.864(4) Å 
Fe(4)−O(15)g 1.840(5) Å 1.843(5) Å 1.848(5) Å 
As(1)O4 
As(1)−O(5) 1.670(3) Å 1.672(3) Å 1.676(3) Å 
As(1)−O(8) 1.662(3) Å 1.665(3) Å 1.672(3) Å 
As(1)−O(9) 1.660(3) Å 1.665(3) Å 1.671(3) Å 
As(1)−O(13) 1.670(3) Å 1.671(3) Å 1.678(3) Å 
As(2)O4 
As(2)−O(1) 1.650(3) Å 1.651(3) Å 1.656(3) Å 
As(2)−O(2) 1.699(3) Å 1.701(3) Å 1.703(3) Å 
As(2)−O(3) 1.710(3) Å 1.712(3) Å 1.717(3) Å 
As(2)−O(7) 1.700(3) Å 1.701(3) Å 1.704(3) Å 
As(3)O4 
As(3)−O(4) 1.671(3) Å 1.672(3) Å 1.675(3) Å 
As(3)−O(6) 1.672(3) Å 1.671(3) Å 1.671(3) Å 
As(3)−O(11) 1.650(4) Å 1.652(4) Å 1.655(4) Å 
As(3)−O(14) 1.712(3) Å 1.715(3) Å 1.719(3) Å 
As(4)O4 
As(4)−O(10) 1.680(5) Å 1.683(5) Å 1.687(5) Å 
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a-l
Symmetry codes: (a) -x+2,-y,z+1/2; (b) x+1,-y+1/2,z+1/2; (c) -x+2,y-1/2,-z+1/2; (d) -
x+2,-y,-z+1; (e) x-1,y,z; (f) -x+1,y+1/2,z; (g) -x+1,y-1/2,-z+1/2 ; (h) x,y,-z+1/2; (i) x,-
y+1/2,-z+1; (j) -x+2,y+1/2,z; (k) x+1,y,z;  (l) x,-y+1/2,z+1/2 
 
Table 4.14. Selected bond distances and angles for Rb3Fe6(AsO4)7, 5 
Cs0.51(1)Rb2.49(2)Fe6(AsO4)7, 6. 
Fe(1)O6 Rb3Fe6(AsO4)7, 5 Cs0.51(1)Rb2.49(2)Fe6(AsO4)7, 6 
Fe(1)−O(5) 1.918(8) Å 1.922(8) Å 
Fe(1)−O(6) 2.151(7) Å 2.157(7) Å 
Fe(1)−O(8) 1.980(8) Å 1.980(8) Å 
Fe(1)−O(12)b 2.092(8) Å 2.097(8) Å 
Fe(1)−O(23)a 1.984(8) Å 1.987(8) Å 
Fe(1)−O(26) 2.035(8) Å 2.037(8) Å 
Fe(2)O6   
Fe(2)−O(2) 2.110(7) Å 2.115(7) Å 
Fe(2)−O(3)c 1.936(8) Å 1.945(8) Å 
Fe(2)−O(9) 2.031(8) Å 2.038(8) Å 
Fe(2)−O(13)d 1.984(7) Å 1.988(7) Å 
Fe(2)−O(20) 2.087(8) Å 2.088(8) Å 
Fe(2)−O(24)d 2.011(8) Å 2.017(8) Å 
Fe(3)O6   
Fe(3)−O(1)e 2.144(8) Å 2.146(8) Å 
Fe(3)−O(4)f 2.193(8) Å 2.196(8) Å 
Fe(3)−O(11) 1.901(8) Å 1.906(8) Å 
Fe(3)−O(14) 1.966(8) Å 1.969(8) Å 
Fe(3)−O(15)g 1.946(8) Å 1.949(8) Å 
Fe(3)−O(16)g 1.921(8) Å 1.929(8) Å 
Fe(4)O6   
Fe(4)−O(1) 2.008(7) Å 2.012(7) Å 
Fe(4)−O(6) 2.241(7) Å 2.2481(7) Å 
Fe(4)−O(10)h 2.205(7) Å 2.211(7) Å 
Fe(4)−O(10)b 1.984(8) Å 1.989(8) Å 
As(4)−O(15) 1.680(5) Å 1.681(5) Å 1.684(5) Å 
As(4)−O(12) x 2 1.652(3) Å 1.651(3) Å 1.656(3) Å 
Fe(1)−O(7)−Fe(1) 102.0(1)° 102.0(1)° 102.1(1)° 
Fe(1)−O(2)−Fe(2) 123.0(3)° 123.2(3)° 123.4(3)° 
Fe(1)−O(3)−Fe(3) 124.0(3)° 124.3(3)° 124.6(3)° 
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Fe(4)−O(18)i 1.858(8) Å 1.865(8) Å 
Fe(4)−O(19)a 1.898(8) Å 1.899(8) Å 
Fe(5)O6   
Fe(5)−O(2) 2.300(7) Å 2.309(7) Å 
Fe(5)−O(4) 1.989(8) Å 1.997(8) Å 
Fe(5)−O(7) 1.994(8) Å 1.994(8) Å 
Fe(5)−O(7)h 2.239(7) Å 2.245(7) Å 
Fe(5)−O(17) 1.904(8) Å 1.908(8) Å 
Fe(5)−O(22)g 1.848(8) Å 1.849(8) Å 
Fe(6)O4   
Fe(6)−O(21) 1.879(8) Å 1.887(8) Å 
Fe(6)−O(25) 1.873(8) Å 1.878(8) Å 
Fe(6)−O(27) 1.848(9) Å 1.854(9) Å 
Fe(6)−O(28)g 1.855(9) Å 1.859(9) Å 
As(1)O4   
As(1)−O(8) 1.686(7) Å 1.686(7) Å 
As(1)−O(9) 1.650(8) Å 1.650(8) Å 
As(1)−O(17) 1.659(7) Å 1.659(7) Å 
As(1)−O(21) 1.711(8) Å 1.711(8) Å 
As(2)O4   
As(2)−O(5) 1.669(7) Å 1.669(7) Å 
As(2)−O(11) 1.652(8) Å 1.652(8) Å 
As(2)−O(15) 1.671(8) Å 1.671(8) Å 
As(2)−O(18) 1.681(8) Å 1.681(8) Å 
As(3)O4   
As(3)−O(3) 1.681(8) Å 1.681(8) Å 
As(3)−O(14) 1.666(8) Å 1.666(8) Å 
As(3)−O(16) 1.665(8) Å 1.665(8) Å 
As(3)−O(22) 1.690(8) Å 1.690(8) Å 
As(4)O4   
As(4)−O(13) 1.671(7) Å 1.671(7) Å 
As(4)−O(19) 1.646(8) Å 1.646(8) Å 
As(4)−O(23) 1.670(7) Å 1.670(7) Å 
As(4)−O(25) 1.703(8) Å 1.703(8) Å 
As(5)O4   
As(5)−O(2) 1.701(7) Å 1.701(7) Å 
As(5)−O(4) 1.699(7) Å 1.699(7) Å 
As(5)−O(10) 1.698(7) Å 1.698(7) Å 
As(5)−O(12) 1.647(7) Å 1.647(7) Å 
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As(6)O4   
As(6)−O(1) 1.708(7) Å 1.708(7) Å 
As(6)−O(6) 1.704(7) Å 1.704(7) Å 
As(6)−O(7) 1.693(7) Å 1.693(7) Å 
As(6)−O(20) 1.653(7) Å 1.653(7) Å 
As(7)O4   
As(7)−O(24) 1.640(8) Å 1.640(8) Å 
As(7)−O(26) 1.641(8) Å 1.641(8) Å 
As(7)−O(27) 1.680(8) Å 1.680(8) Å 
As(7)−O(28) 1.689(8) Å 1.689(8) Å 
a-i
Symmetry codes: (a) -x,y+1/2,-z+1/2; (b) x,y+1,z; (c) x-1/2,-y+3/2,-z+1; (d) -x,y-1/2,-
z+1/2; (e) x+1/2,-y+3/2,-z+1; (g) -x+1/2,y-1/2,z; (h) -x,-y+1,-z+1 (i) -x,-y+2,-z+1 
 
Results and Discussion 
Synthesis: Single crystals of 1-6 were synthesized using a conventional solid 
state synthesis reaction and the X-ray single-crystal structure reveals that 1-6 series 
crystalize in the orthorhombic space group Pbcm (No. 57). Moving to the detail synthesis 
discussion, as mentioned under the experimental section, 1 can be synthesiszed in high 
yield using a reaction mixture of KO2, Fe2O3 and P4O10 in the presence of the CsCl/RbCl 
flux. Single crystal X-ray diffraction (SXRD) data confirm that there are two disordered 
Cs/Rb sites (see Table 4.2 for Cs/Rb occupancies in each site) with the formula of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7. Therefore, a common formula of Cs3-xRbxFe6(PO4)7 was used 
to achieve the stoichiometric synthesis. Here, first CsRb2Fe6(PO4)7, where x = 2 was 
achieved. Figure 4.1 shows the profile refinement obtained for CsRb2Fe6(PO4)7 and Table 
4.15 shows the unit cell parameters while Table 4.16 present the atomic parameters 
acquired from the refinement. After a successful synthesis of CsRb2Fe6(PO4)7, synthesis 
of solid solutions were attempted, where 2 ≤ x ≤ 2.75. Figures 4.2 and 4.4 show the 
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PXRD patterns of the samples produced in the attempts for the all solid solutions 
synthesis. Figure 4.3 shows the absence of purely cesium (where x = 0) and rubiduim 
phases (where x = 3) in this series. Furthermore, the unit cell parameters obtained from 
PXRD patterns in Figure 4.2 using least-square refinements are listed in Table 4.17. As 
expected, the unit cell volume as a function of x plots (Figure 4.3) for the solid solution 
series follows the Vegards’s Law. A significant increase in the c-axis was observed due 
to the substitution of more cesium as expected. Additionally, synthesis of other 
derivatives such as Rb2NaFe6(PO4)7 and Rb2KFe6(PO4)7 was not successful, Figure 4.4, 
so far. 
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Figure 4.1. X-ray diffraction pattern and GSAS refinement of Cs3-xRbxFe6(PO4)7 (x = 
2) synthesized by a solid-state method. The experimental points are black, the fit is 
shown in red, the calculated reflections are shown in green and the difference map is 
shown in blue. 
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Table 4.15. The crystallographic data from the refined profile of CsRb2Fe6(PO4)7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chemical formula CsRb2Fe6(PO4)7 
Crystal color, shape light green, polycrystalline 
Formula weight (g/mol) 1706.27 
Space group, Z Pbcm (no. 57), 4 
a, Å 10.024(3) 
b, Å 9.7283(2) 
c, Å 26.781(9) 
V, Å
3
 2611.5(9) 
(calc) (g/cm
3
) 4.335 
Rp/wRp 0.0610/0.0935 
χ2 1.1231 
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Table 4.16. Atomic parameters for the refined profiles of CsRb2Fe6(PO4)7. 
atom Whyc. SOF x y z Uiso (Å
2
) 
Rb(1) 4d 1.0 0.907(3) 0.249(2) 0.250 0.017(7) 
Rb(2) 8e 0.5(1) 0.569(9) 0.248(5) 0.144(2) 0.018(1) 
Cs(2) 8e 0.5(1) 0.569(9) 0.248(5) 0.144(2) 0.018(1) 
Fe(1) 8e 1.0 0.129(1) 0.001(1) 0.038(1) 0.013(1) 
Fe(2) 8e 1.0 0.866(2) -0.076(2) 0.357(1) 0.018(1) 
Fe(3) 4c 1.0 0.606(1) 0.2500 0 0.024(1) 
Fe(4) 4d 1.0 1.362(1) 0.114(1) 0.2500 0.014(1) 
P(1) 8e 1.0 0.647(1) -0.681(1) 0.0492(1) 0.013(1) 
P(2) 8e 1.0 0.906(1) 0.221(1) 0.071 (1) 0.012(1) 
P(3) 8e 1.0 1.159(1) 0.081(1) 0.339 (1) 0.013(1) 
P(4) 4d 1.0 0.675 (2) -0.033(2) 0.2500 0.013(1) 
O(1) 8e 1.0 0.867(4) 0.138(4) 0.118(2) 0.016(1) 
O(2) 8e 1.0 1.006(4) 0.346(4) 0.081(1) 0.015(1) 
O(3) 8e 1.0 0.781(4) 0.307(4) 0.047(1) 0.012(1) 
O(4) 8e 1.0 1.044(4) -0.0182(4) 0.322(2) 0.017(1) 
O(5) 8e 1.0 0.710(4) -0.111(4) 0.101(2) 0.017(1) 
O(6) 8e 1.0 1.130(4) 0.236(4) 0.323(2) 0.016(1) 
O(7) 8e 1.0 0.963(4) 0.115(4) 0.029 (2) 0.015(1) 
O(8) 8e 1.0 0.615(4) 0.091(4) 0.049(2) 0.018(1) 
O(9) 8e 1.0 0.514(4) -0.153(4) 0.044 (2) 0.019(1) 
O(10) 4d 1.0 0.617(6) -0.187(6) 0.2500 0.022(1) 
O(11) 8e 1.0 1.190(4) 0.070(4) 0.396(2) 0.019(1) 
O(12) 8e 1.0 0.7558(4) 0.0007(4) 0.2983(2) 0.021(1) 
O(13 8e 1.0 0.744(4) -0.096 (4) 0.003(2) 0.019(1) 
O(14) 8e 1.0 1.292(4) 0.0345(4) 0.310(2) 0.021(1) 
O(15) 4d 1.0 0.550(6) 0.069 (6) 0.2500 0.023(1) 
150 
 
Figure 4.2. PXRD patterns of solid solution series for Cs3-xRbxFe6(PO4)7 where 2 .00 
≤ x ≤ 2.75. (a) Calculated powder pattern based on single crystal structure solution; 
(b) x = 2.00; (c) x = 2.25; (d) x = 2.50; (e) x = 2.75. 
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Figure 4.3. Variation of lattice parameters in Cs3-xRbxFe6(PO4)7 where x is 2.00 ≤ x ≤ 
2.75. Higher the Rb-content gradually decreases unit cell volume. 
Table 4.17. Refined lattice parameters from polycrystalline samples of Cs3-xRbxFe6(PO4)7 
where 2.00 ≤ x ≤ 2.75 obtained from the powder diffraction data. 
 CsRb2Fe6(PO4)7, x = 2.00 Cs0.50Rb2.50Fe6(PO4)7, x = 2.50 
a, Å 9.7452(6) 9.7128(5) 
b, Å 9.3427(5) 9.3358(5) 
c, Å 25.932(1) 25.871(1) 
V, Å
3
 2361.1(3) 2345.8(6) 
 Cs0.75Rb2.25Fe6(PO4)7, x = 2.25 Cs0.25Rb2.75Fe6(PO4)7, x = 2.75 
a, Å 9.7141(4) 9.7081(3) 
b, Å 9.3392(3) 9.3316(4) 
c, Å 25.918(2) 25.841(1) 
V, Å
3
 2351.3(3) 2341.5(4) 
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Figure 4.4. Observed PXRD patterns of Rb2NaFe6(PO4)7 and Rb2KFe6(PO4)7 with 
calculated powder pattern based on single crystal structure solution of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7. 
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Cs3Fe6(AsO4)7 was the first structure found as the arsenate derivative in this 
series. It was synthesized using a mixture of SrO, Fe2O3 and As2O5 in the presence of 
CsCl/CsI eutectic flux at 800°C. In addition to Cs3Fe6(AsO4)7, this reaction resulted 
another crystalline phase of SrFe3(AsO4)3 which is iso-structural with SrFe3(PO4)3.
12f
 
After a successful synthesis of Cs3Fe6(AsO4)7 single crystals, stoichiometric synthesis 
was attempted using Cs2CO3, Fe2O3 and (NH4)H2AsO4 at 800 °C. Figure 4.5 presents the 
profile refinement achieved using GSAS for the observed PXRD pattern of 
Cs3Fe6(AsO4)7. Tables 4.18 and 4.20 are showing the unit cell parameters and the atomic 
coordinates obtained from the refinement. The crystal growth reaction of Cs3Fe6(AsO4)7 
(SrO, Fe2O3 and As2O5 with CsCl/CsI flux) was repeated numerous times with different 
fluxes other than CsCl/CsI (RbCl/RbI, KCl/KI, NaCl/NaI, CsCl/RbCl, CsCl/KCl/ and 
etc.). However, neither of those reation did make the target phases except several other 
known phases such as A3Fe2(AsO4)3, where A = Cs, Rb, K, Na. Therefore, stoichiometric 
synthesis were attemted to synthesize Rb3Fe6(AsO4)7, K3Fe6(AsO4)7 and Na3Fe6(AsO4)7, 
Figure 4.6. Figure 4.6 clearly indicates that, the target phases do not exist. Moreover, 
Cs2.71(1)K0.29(2)Fe6(AsO4)7 (iso-structure with Cs3Fe6(AsO4)7) was previously reported by 
one of our group members using a reaction between KO2, Fe2O3 and As2O5 in the 
presence of CsCl/KCl flux. In order to observe the formation of other derivatives, this 
reactions was also repeated with different fluxes in a similar fashion mentioned above. 
The reaction with RbCl/RbI and CsCl/RbCl fluxes resulted Rb3Fe6(AsO4)7, 5, and 
Cs0.51(1)Rb2.49(2)Fe6(AsO4)7, 6, respectively. However they were not iso-structural with 
Cs2.71(1)K0.29(2)Fe6(AsO4)7, see the structure discussion below. Furthermore, stochiometric 
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synthesis was attempted by targeting the solid solution series of Cs3-xKxFe6(AsO4)7 (0 ≤ x 
≤ 1). Figure 4.7 shows the PXRD patterns for synthesized solid solution series of Cs3-
xKxFe6(AsO4)7 (0 ≤ x ≤ 1) and unit cell parameters are listed in Table 4.20 obtained via 
least-square refinements. As expected, the unit cell volume as a function of x plots 
(Figure 4.8) for the solid solution series follows the Vegards’s Law. A significant decreas 
in the b- and c-axis were observed with the substitution of potassium. Additionally, 
synthesis of other derivatives such as Cs2RbFe6(AsO4)7 and Cs2NaFe6(AsO4)7 were also 
attempted. Suprisingly, the observed PXRD of Cs2RbFe6(AsO4)7 matched with the 
calculated Cs3Fe3(AsO4)7, Figure 4.9. Therefore Cs2RbFe6(AsO4)7 powder sample was 
subjected to the crystal growth with sveral fluxes. Here CsCl/RbCl resulted 
Cs2RbFe6(AsO4)7, 2 which is iso-structural with 3 and 4.  
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Figure 4.5. X-ray diffraction pattern and GSAS refinement of Cs3Fe6(AsO4)7. The 
experimental points are black, the fit is shown in red, the calculated reflections are 
shown in green and the difference map is shown in blue. 
 
5 15 25 35 45 55 65
-2000
0
2000
4000
6000
8000
10000
 
In
te
n
si
ty
 (
a
.u
.)
2 (degree)
156 
 
Table 4.18. The crystallographic data from the refined profile of Cs3Fe6(AsO4)7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chemical formula Cs3Fe6(AsO4)7 
Crystal color, shape amber, polycrystalline 
Formula weight (g/mol) 1706.2 
Space group Pbcm (no. 57) 
a, (Å) 10.024(3) 
b, (Å) 9.7283(2) 
c,(Å) 26.781(9) 
V, (Å
3
) 2611.5(9) 
Z 4 
 (calc) (g/cm
3
) 4.338 
Rp/wRp 0.0761/0.1089 
χ2 1.9520 
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Table 4.19. Atomic parameters for the refined profiles of Cs3Fe6(AsO4)7. 
atom Wyck. x y z Uiso (Å2)
a
 
Cs(1) 4d 0.604(1) 0.248(1) 0.2500 0.016(1) 
Cs(2) 8e 0.932(1) 0.255(1) 0.355(1) 0.026(1) 
Fe(1) 8e 1.373(1) -0.0038(1) 0.538(1) 0.007(1) 
Fe(2) 8e 0.368(1) 0.0740(1) 0.358(1) 0.007(1) 
Fe(3) 4c 0.887(1) 0.250 0.500 0.007(1) 
Fe(4) 4d 0.863(1) -0.104(1) 0.250 0.009(1) 
As(1) 8e 1.150(1) 0.069 (1) 0.454(1) 0.007(1) 
As(2) 8e 0.595(1) 0.279(1) 0.071(1) 0.005(1) 
As(3) 8e 0.654(1) -0.084 (1) 0.340(1) 0.007(1) 
As(4) 4d 0.178(1) 0.048(1) 0.02500 0.006(1) 
O(1) 8e 0.636(3) 0.369(3) 0.121(1) 0.012(1) 
O(2) 8e 0.494(3) 0.145(3) 0.089(1) 0.009(1) 
O(3) 8e 0.7219(3) 0.1830(3) 0.046(1) 0.008(1) 
O(4) 8e 0.535(3) 0.025(3) 0.322(1) 0.013(1) 
O(5) 8e 1.211(3) 0.117(4) 0.398(1) 0.011(1) 
O(6) 8e 0.626(4) -0.247(3) 0.324(1) 0.012(1) 
O(7) 8e 0.538(3) 0.392(3) 0.028(1) 0.009(1) 
O(8) 8e 1.125(4) -0.102(4) 0.452(1) 0.015(1) 
O(9) 8e 1.005(4) 0.154(4) 0.457(1) 0.015(1) 
O(10) 4d 0.043(5) -0.057(6) 0.2500 0.023(1) 
O(11) 8e 0.686(4) -0.078(4) 0.404(1) 0.018(1) 
O(12) 8e 0.258(4) 0.002 (4) 0.307(1) 0.018(1) 
O(13) 8e 1.253(4) 0.104(4) 0.501(1) 0.016(1) 
O(14) 8e 0.794(4) -0.031(4) 0.309(1) 0.017(1) 
O(15) 4d 0.115(5) 0.208(5) 0.2500 0.016(1) 
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Figure 4.6. Observed PXRD patterns of Rb3Fe6(AsO4)7, K3Fe6(AsO4)7 and 
Na3Fe6(AsO4)7 with calculated powder pattern based on single crystal structure 
solution of Cs3Fe6(AsO4)7. 
 
 
 
 
 
 
 
159 
 
 
Figure 4.7. Variation of lattice parameters in Cs3-xKxFe6(AsO4)7 where x is 0≤x≤1.00. 
Higher the K-content gradually decreases unit cell volume. 
Table 4.20. Refined lattice parameters from polycrystalline samples of Cs3-xKxFe6(AsO4)7 
where 0 ≤ x ≤ 1.0 obtained from the powder diffraction data. 
 Cs2.75K0.25Fe6(AsO4)7, x = 0.25 Cs2.25K0.75Fe6(AsO4)7, x = 0.75 
a, Å 10.012(2) 9.9920(2) 
b, Å 9.7012(4) 9.6710(4) 
c, Å 26.698(4) 26.411(3) 
V, Å
3
 2593.2(2) 2552.1(2) 
 Cs2.50K0.50Fe6(AsO4)7, x = 0.50 Cs2KFe6(AsO4)7, x = 1.00 
a, Å 10.001(2) 9.9871(2) 
b, Å 9.6722(4) 9.6510(4) 
c, Å 26.598(3) 26.368(3) 
V, Å
3
 2572.8(2) 2541.5(2) 
 
160 
 
 
 
 
Figure 4.8. PXRD pattern for the solid solution series of Cs3-xKx Fe6(AsO4)7 where 0 
≤ x ≤ 1. (a) calculated powder pattern based on single crystal structure solution of 
Cs3Fe6(AsO4)7; (b) x = 0; (c) x = 0.25; (d) x = 0.50; (e) x = 0.75; (f) x = 1. 
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Figure 4.9. Observed PXRD patterns of Cs2RbFe6(AsO4)7 with calculated powder 
pattern based on single crystal structure solution of Cs2RbFe6(AsO4)7. GSAS 
refinement for the observed PXRD patterns of Cs2RbFe6(AsO4)7 yielded; a = 
10.012(2) Å, b = 9.6857(2) Å, c = 26.575(3) Å, V = 2577.0(6) Å
3
 which is resemble 
to the unit cell parameters obtained from SXRD of Cs2RbFe6(AsO4)7. 
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Crystal Structure: The X-ray single-crystal structure for 1~6 series, crystalize in 
the orthorhombic space group Pbcm (No. 57) and reveals a three dimensional framework 
that consists of interconnected channels. It is essential to mention that 1~6 structure series 
are not exactly iso-structures even though they share the same formula and the similar 
unit cell dimensions. Only the structure of 1 is discussed in detail and the difference 
between phosphate and arsenate structures will be discussed in later.  
Figure 4.10 shows the projected view of 1 along the b-axis. The 3-D Fe−O−P 
framework consists of three crystallographically distinct FeO6 octahedra (oct-FeO6), one 
FeO4 tetrahedra (tet-FeO4) and four PO4 tetrahedra (tet-PO4) units. These three oct-FeO6 
coner- and/or edge-shared with tet-PO4 units to produce the 3-D Fe−O−P framework, 
Figure 4.11. Figure 4.10 and 4.12 are also pointing out the channels extend along the a- 
and b-axis where mixed (Cs/Rb) cations reside. These channels are framed from eight 
and six membered rings. The eight membered ring is formed from corner-shared 
polyhedral which include three oct-FeO6, one tet-FeO4 and four tet-PO4 units as shown in 
Figure 4.13. Figure 4.13 also indicates that the six membered ring which is formed from 
two oct-FeO6, one tet-FeO4 and three tet-PO4 units. Single crystal X-ray diffraction 
(SXRD) data also reveals that Cs and Rb are mixed in both sites and their occupancies 
are given in Table 4.12. Furthermore, elemental analysis, using energy dispersive X-ray 
spectroscopy (EDX), confirmed the constituents as determined by SXRD structural 
refinements of the single, Figure 4.26. As mentioned earlier in the discussion, Fe(1), 
Fe(2) and Fe(3) form FeO6 octahedra and oct-Fe(1)O6 forms [Fe2O10] dimer units by 
having the only edge sharing connectivity in the Fe−O−Fe lattice. These dimer units 
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corner shared with two oct-Fe(2)O6 and two oct-Fe(3)O6 via O(2) and O(3) respectively, 
Figure 4.14. These two oct-Fe(2)O6 and two oct-Fe(3)O6 connect to the [Fe2O10] dimer in 
either side to form [Fe6O31] unit which appears as a repeating unit on the cb plane, Figure 
4.14. These units propagate through b-axis by resulting infinites Fe−O−Fe wavy chain. 
This infinite Fe−O−Fe chains are completely capped by tet-PO4 groups by giving a 
structurally isolated Fe−O lattice, Figure 4.14 which could be magnetically interesting. 
As the only FeO4 tetrahderal in the structure tet-Fe(4)O4, Figure 4.15, connects to the 
Fe−O−Fe lattice via tet-PO4 groups. Table 4.12 shows the bond distances and angles for 
1. In 1, for instance, the tet-Fe(4)−O bond distances range from 1.845(5) Å to1.855(4) Å, 
comparable to the sum of the Shannon crystal radii, 1.85 Å for four coordinated Fe
3+
 and 
O
2-. Fe(1)−O bond distances range from 1.857(4) to 2.279(3), Fe(2)−O bond distances 
range from 1.907(3) Å to 2.118(3) Å and Fe(3)−O bond distances range from 1.893(4) Å 
to 2.150(3) Å, comparable to the sum of the Shannon crystal radii for six coordinated 
Fe
3+
 and O
2-
 in high spin state, 2.01 Å. The respective Fe−O average bond distances for 
oct-Fe(1)O6, oct-Fe(2)O6, oct-Fe(3)O6and tet-Fe(4)O4 are 2.038(4), 2.014(4), 1.996(4) 
and 1.850(4) Å respectively. Additionally, it should be mentioned that the oct-FeO6 are 
distorted with the long distance, in oct-Fe(1)O6, Fe(1)−O(2) is 2.249(3) Å, Fe(1)−O(7) is 
2.279(3) Å, in oct-Fe(2)O6, Fe(2)−O(2) is 2.118(3) Å, in oct-Fe(3)O6, Fe(3)−O(3) is 
2.150(3) Å. It is noticed that the bridging oxygen in [Fe2O10] dimer unit has Fe(1)−O(7) 
bond length, 2.122(3) Å by creating an angle between Fe(1)−O(7)−Fe(1) of 99.5(3)°. 
Furthermore, PO4 groups in 1 have an average P−O bond length of 1.531 Å. Within the 
extended FeO6 chains, the distances between Fe(1)−Fe(1), Fe(1)−Fe(2) and Fe(1)−Fe(3) 
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are 3.246(1) Å, 3.759(1) Å and 3.586(1) Å respectively. Additionally, Fe(1)−O(7)−Fe(1) 
angles in the chain through edge sharing oxygen is 99.5(3)°, corner sharing angles for 
Fe(1)−O(2)−Fe(2) and Fe(1)−O(3)−Fe(3) are 118.7(3) ° and is 119.8(3)° respectively. 
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Figure 4.10. Projected view along the b-axis of the structure of 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7. The cations, (Cs/Rb)
+
 reside in the channels. 
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Figure 4.11. Corner- and edged-shared connectivity between oct-Fe(1)O6 and tet-PO4 
in the 3-D Fe−O−P framework. 
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Figure 4.12. Mixed polyhedral (PO4) and ball/stick (FeOn) representations showing 
the projected view of the Cs0.79(2)Rb2.21(2)Fe6(PO4)7 structure along a- and b-axis. The 
cation (Cs/Rb)
+
, reside in the channels along b-axis and smaller channels can be 
observed along a-axis. 
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Figure 4.13. Eight- and six-membered rings of the channels where mixed (Cs/Rb)
+
 
cations reside. 
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Figure 4.14. Fe−O−Fe chains of 1 (top) and repeating unit of [Fe6O31] (bottom). 
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Moving to the arsenate structures, in the title series, structures from 2 to 4 also 
crystallizes in orthorhombic space group Pbcm (No. 57). Figure 4.17 show the projected  
view of 4 and it indicates the main difference between 1 and 4 structureswhich is the 
appearance of the eight- and six- membered rings in the unit cell. In 1 eight member ring 
is sitting inside the unit cell (Figure 4.10) but in 4 it is the six-membered ring. That 
indicates the moving of the unit cell along the a-axis. It could be due to the size of the A 
 
Figure 4.15. FeO4 tetrahedral unit of 1 showing connectivity between the tet-PO4 
groups. 
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site cation and the size difference between P
5+
 and As
5+
 cations. Also careful 
investigation of these structures indicates that tet-Fe(4)O4 units are directed in opposite 
directions when they make the eight and six membered rings (Figure 4.18). Table 4.13 
shows the bond distances and angles for 2~4. In 4, for instance, the tet-Fe(4)−O bond 
distances range from 1.832(5) Å to1.864(4) Å, comparable to the sum of the Shannon 
crystal radii, 1.85 Å for four coordinated Fe
3+
 and O
2-. Fe(1)−O bond distances range 
from 1.880(4) to 2.251(3), Fe(2)−O bond distances range from 1.933(3) Å to 2.144(3) Å 
and Fe(3)−O bond distances range from 1.911(4) Å to 2.165(3) Å, comparable to the sum 
of the Shannon crystal radii for six coordinated Fe
3+
 and O
2-
 in high spin state, 2.01 Å. 
The respective Fe−O average bond distances for oct-Fe(1)O6, oct-Fe(2)O6, oct-Fe(3)O6 
and tet-Fe(4)O4 are 2.055(4), 2.019(4), 2.001(4) and 1.855(4) Å respectively. Similar to 
the structure 1, in 4 oct-FeO6 are distorted, oct-Fe(1)O6, Fe(1)−O(2) is 2.251(3) Å, 
Fe(1)−O(7) is 2.220(3) Å, in oct-Fe(2)O6, Fe(2)−O(2) is 2.144(3) Å, in oct-Fe(3)O6, 
Fe(3)−O(3) is 2.165(3) Å respectively. Fe(1)−O(7)−Fe(1), Fe(1)−O(2)−Fe(2) and 
Fe(1)−O(3)−Fe(3) angles are 102.1(1)°, 123.4(3)° and 124.6(3)° respectively. It is 
noteworthy to mention that, these angles are relatively larger compared to the Fe−O−Fe 
angles in 1. Additionally, all of the AsO4 groups in 4 have an average bond length of 
1.680(4) Å. Within the extended FeO6 chains, the distances between Fe(1)−Fe(1), 
Fe(1)−Fe(2) and Fe(1)−Fe(3) are 3.279(3) Å, 3.870(3) Å and 3.694(3) Å respectively.  
Last, but not least, structure of 5 and 6, as listed in Table 4.1, Rb3Fe6(AsO4)7 and 
Cs0.51(1)Rb2.49(2)Fe6(AsO4)7 also crystalize in orthorhombic space group Pbcm (no.57) and 
specifically, the unit cell for Rb3Fe6(AsO4)7 is a = 19.942(2) Å, b = 9.6799(2) Å, c = 
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26.403(5) Å, V = 5096.8(8) Å
3
. One can notice that the a-axis of Cs3Fe6(AsO4)7 is 
different from the a-axis of Rb3Fe6(AsO4)7 (two times the a-axis). This different is 
attributed to the A-site cation ordering in the structure. For an instance, structures 5 and 6 
are rich with smaller A-site cation  (more Rb and less Cs), on the other hand smaller unit 
cell structures of 2~4 are comprehended with larger A-site cation (more Cs less Rb or K). 
Furthermore Figure 4.19 shows a comparison of the calculated PXRD between the 
Cs3Fe6(AsO4)7 and Rb3Fe6(AsO4)7 which clearly indicate the appearance of the extra 
peaks in Rb3Fe6(AsO4)7. Additionally, the attempt to synthesize a bulk powder of 
Rb3Fe6(AsO4)7 using a stoichiometric reaction between Rb2CO3, Fe2O3 and 
(NH4)H2AsO4 was not successful, Figure 4.19. Single crystal structure of 5 and 6 also 
revealed that A-site cations reside inside the channel along b-axis, Figure 4.20. Figure 
4.20 also pointed to the Fe−O−As 3-D framework which is made from FeOn (n = 6 and 4) 
polyhedral and AsO4 tetrahedra. The average Fe−O bond distances for FeO6 octahedra is 
2.002(4) Å while average As−O bond distance is 1.691(4) Å. Furthermore, the average 
bond distances for FeO4 tetrahedra is 1.890(2) Å. These bond distances are comparable 
with the sum of Shannon crystal radii for octahedral Fe
3+−O (2.03 Å), tetrahedral Fe3+−O 
(1.89 Å) and tetrahedral As−O (1.671 Å).  
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Figure 4.16. Projected view of 4. The cations, Cs
+
 ions reside in the channels. The 
same color codes are applied throughout the report. One can notice that, the six 
membered ring is sitting in the middle of the unit cell. 
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Figure 4.17. Eight- and six-membered rings of the channels in 4 where Cs
+
 cations 
resides and tet-FeO4 pointing downward. 
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Figure 4.18. Observed PXRD patterns of Rb3Fe6(AsO4)7 with calculated powder 
pattern based on single crystal structure solution of Rb3Fe6(AsO4)7 and Cs3Fe6(AsO4)7.  
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Figure 4.19. Projected view of 5. The cations, Rb
+
 ions reside in the channels. The 
same color codes are applied throughout the report. 
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Magnetic Properties: Magnetic studies of 1 was undertaken to determine if 1 
possesses any interesting magnetic properties that might be derived from the iron oxide 
wavy chains embedded in the nonmagnetic phosphate matrix. Figure 4.21 shows the 
magnetic susceptibility, χ, versus temperature, T, for 1 (employing ground powder of 
selected crystals) under the applied magnetic field, H, of 0.5 T. The susceptibility attains 
a maximum of 0.0118 cm
3
 per mole of Fe
3+
 at ~8.5 K and after that it shows a decrease 
over the temperature which suggests a long range ordering in 1. The χT plot, magnetic 
moment decreases over a wide temperature range with decreasing temperatures 
suggesting an antiferromagnetic ordering between the magnetic ions. The least-squares fit 
of the data to the Curie-Weiss equation, χ = C/(T - θ), where C is the Curie constant, θ is 
the temperature, yielded best-fit values of C = 3.67(1) emu·K/mol and θ = -531.3(2) K. . 
The effective magnetic moment, μeff calculated from the Curie constant is 5.4(1) μB, is 
slightly lower than the spin-only value of 5.92 μB expected for the high spin Fe3+ (d5) 
ion. The antiferromagnetic nature of 1 is probably induced by a superexchange 
mechanism through edge sharing Fe(1)−O(7)−Fe(1), which forms dimers of [Fe2O10]
14-
, 
having bridging angle of 99.5(3)°, and corner shared Fe(1)−O(2)−Fe(2) and 
Fe(1)−O(3)−Fe(3), having monobridged angles of 118.7(3)° and 119.8(3)°, respectively. 
In earlier studies of iron(III), d
5
 phosphates show that magnetic exchange coupling is 
strongly antiferromagnetic in these ferric compounds.
16
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Figure 4.20. Temperature-dependent magnetic susceptibility of 1, χmT vs. T.
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Figure 4.21. Temperature-dependent magnetic susceptibility of 1, χm and χm 
-1
 
vs. T at 0.5 T. 
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UV-Vis Diffuse Reflectance Spectroscopy and FTIR Spectroscopy: To 
understand the electronic nature of 1 UV-vis studies were performed, Figure 4.23. The 
absorption due to the d-d transitions can be detected roughly ~1-2 eV (~1240-620 nm). 
The absorption corresponding to LMCT (ligand-to metal charge transfer) bands can be 
observed at 3 eV (~413 nm) and above. The electronic absorption spectrum of 1 is shown 
in Figure 4.23. The absorption around 3 eV assigned to the LMCT is originated from the 
PO4 groups. To obtain more structural information about the phases 1, FTIR was 
examined (Figure 4.23). As expected fundamental vibrations from PO4
3-
 polyanions 
dominated in the spectrum. The bands in the range 1200–900 cm−1 and in the range 650–
440 cm
−1
 correspond to stretching vibrations and bending vibrations of the PO4 
tetrahedra.
17
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Figure 4.22. UV-vis diffuse reflectance spectra (top) and FTIR spectra (bottom) for 1. 
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Differential Scanning Calorimetry: TGA and DSC profile of the 
Cs0.79(2)Rb2.21(2)Fe6(PO4)7is given in Figure 4.24. The DSC curve of the product shows a 
sharp exothermic peak at ~850 °C indicating  a possible thermal decomposition of the 
sample (see Figure 4.25 for the PXRD of after TGA) or due to melting process of the 
sample. High melting or decomposition temperature further confirms the high thermal 
stability of iron phosphate framework structures. Additionally, CsRb2Fe6(PO4)7 powder 
sample was annealed at high temperature to observe the thermal stability of the structure, 
Figure 4.25. This further confirmed that, CsRb2Fe6(PO4)7 is stable up to 800 °C.  
  
Figure 4.23. TGA (red) and DSC (green) of Cs0.79(2)Rb2.21(2)Fe6(PO4)7. 
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Figure 4.24. PXRD pattern for the annealed CsRb2Fe6(PO4)7 powder in different 
temperatures. 
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Li-Ion Exchange reactions: As mentioned in the experimental section, the ion 
exchange were carried out on single crystals of Cs0.79(2)Rb2.21(2)Fe6(PO4)7 due to its 
interesting channel structure. It is interesting to notice that the single crystals changed its 
initial color after the ion exchange, from green to red, Figure 4.26. Results from EDX 
experiments on Li-ion exchange results do not show any residual Cs or Rb which confirm 
the fully ion exchanged on single crystals of Cs0.79(2)Rb2.21(2)Fe6(PO4)7 to form possibly 
“Li3Fe6(PO4)7”, Figure 4.26. 
After successful ion exchage on single crystals, the polycrystalline 
CsRb2Fe6(PO4)7 phase was also subjected to the ion exhagne on polycrystalline samples. 
Again, EDX results confirmed the fully ion exchageability of CsRb2Fe6(PO4)7 to form 
“Li3Fe6(PO4)7”. In addition to EDX, the PXRD of the ion exchage powder was refined 
using the GSAS program, Figures 4.26 and 4.27. Furthermore, TGA (Figure 4.30) of the 
ion exchanged indicate that lowering the thermal stability after the ion exchange. 
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Figure 4.25. Crystal pictures showing the color change after the ion exchange (top). 
EDX mole % of 1, before (left) and after (right) ion exchange (bottom). 
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Figure 4.26. PXRD pattern for the Li-ion exchanged CsRb2Fe6(PO4)7 powder 
(“Li3Fe6(PO4)7”). 
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Figure 4.27. PXRD pattern for the Li-ion exchanged CsRb2Fe6(PO4)7 powder 
(“Li3Fe6(PO4)7”). The experimental points are black, the fit is shown in red, the 
calculated reflections are shown in green and the difference map is shown in blue. 
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Table 4.21. The crystallographic data from the refined profiles of ion-exchanged 
“Li3Fe6(PO4)7”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chemical formula “Li3Fe6(PO4)7” 
Crystal color, shape Light green, polycrystalline 
Formula weight (g/mol) 1020.7 
Space group Pbcm (no. 57) 
a, Å 9.6856(6) 
b, Å 9.2931(5) 
c, Å 25.808(1) 
V, Å
3
 2322.9(3) 
(calc) (g/cm
3
) 2.894 
wRp/Rp 0.1102/0.0821 
χ2 1.9541 
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Table 4.22. Atomic parameters for the refined profiles of “Li3Fe6(PO4)7”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
atom Wyck. x y z 
Uiso 
(Å2)
a
 
Li(1) 4d 0.907(3) 0.249(2) 0.250 0.017(7) 
Li(2) 8e 0.569(9) 0.248(5) 0.144(2) 0.018(1) 
Fe(1) 8e 0.129(1) 0.001(1) 0.038(1) 0.013(1) 
Fe(2) 8e 0.866(2) -0.074(2) 0.357(1) 0.018(1) 
Fe(3) 4c 0.606(1) 0.250 0 0.024(1) 
Fe(4) 4d 1.362(1) 0.114(1) 0.2500 0.014(1) 
P(1) 8e 0.647(1) -0.681(1) 0.0492(1) 0.013(1) 
P(2) 8e 0.906(1) 0.221(1) 0.071(1) 0.012(1) 
P(3) 8e 1.159(1) 0.081(1) 0.339(1) 0.013(1) 
P(4) 4d 0.675 (2) -0.033(2) 0.250 0.013(1) 
O(1) 8e 0.867(4) 0.138(4) 0.118(2) 0.016(1) 
O(2) 8e 1.006(4) 0.346(4) 0.081(1) 0.015(1) 
O(3) 8e 0.781(4) 0.307(4) 0.047(1) 0.012(1) 
O(4) 8e 1.044(4) -0.018(4) 0.322(2) 0.017(1) 
O(5) 8e 0.710(4) -0.111(4) 0.101(2) 0.017(1) 
O(6) 8e 1.130(4) 0.236(4) 0.323(2) 0.016(1) 
O(7) 8e 0.963(4) 0.115(4) 0.029 (2) 0.015(1) 
O(8) 8e 0.615(4) 0.091(4) 0.049(2) 0.018(1) 
O(9) 8e 0.514(4) -0.153(4) 0.044 (2) 0.019(1) 
O(10) 4d 0.617(6) -0.187(6) 0.2500 0.022(1) 
O(11) 8e 1.190(4) 0.070(4) 0.396(2) 0.019(1) 
O(12) 8e 0.755(4) 0.007(4) 0.298(2) 0.021(1) 
O(13 8e 0.744(4) -0.096 (4) 0.003(2) 0.019(1) 
O(14) 8e 1.292(4) 0.0345(4) 0.310(2) 0.021(1) 
O(15) 4d 0.550(6) 0.069(6) 0.250 0.023(1) 
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Electrochemical Testing of “Li3Fe6(PO4)7”: The lithium intercalation properties 
of “Li3Fe6(PO4)7” was determined by measuring the voltage of a standard 2032-type 
electrochemical cell comprising lithium anode and “Li3Fe6(PO4)7” as the cathode and the 
data are shown in Figure 4.28. Theoretically, “Li3Fe6(PO4)7” can be further reduced to 
“Li9Fe6(PO4)7” in its fully discharged state resulting a theoretical capacity of ~157 mAh/g 
comparable to ~170 mAh/g of LiFePO4. The latter is the state-of-the-art cathode material 
first discovered by Goodenough and coworkers in 1997. As “Li3Fe6(PO4)7” is in its fully 
charged state, so, it was subjected to discharged to achieve “Li9Fe6(PO4)7”. In the first 
cycle it delivered 103 mAh/g (Figure 4.28), mostly along the 1.0 V, and the capacity is 
corresponding to ~ 4 Li-ion per formula unit. During the first charge a small capacity is 
observed before voltages typically assigned to electrolyte decomposition (4.8 V). 
However, the capacity of “Li3Fe6(PO4)7” is hampered by the large formula weight, of 
“Li3Fe6(PO4)7”, for example, one lithium ion corresponds to ~26 mAh/g. Furthermore 
after first five cycles, the capacity lost is close to 50% and after that both discharge and 
charge capacities remain unchanged up to 30 cycles, Figure 4.29. Looking at the crystal 
structure of “Li3Fe6(PO4)7”, the Fe−O lattice is comprehended with corner- and edge-
shared oct-FeO6. Additionally, this iron oxygen lattice is capped by the PO4
3-
 group 
which may increase the inductive effect of the system to give rise a good open circuit 
voltage (OCV) which is 2.8 V. A similar explanation has been used to explain the OCV 
voltage of LiFePO4. However, several factors limiting electrochemical activity, including 
poor electronic conductivity, lack of 3-D channels and instability of the Fe
2+/3+
 redox 
couple in the structure (because of electrochemically inactive tet-Fe
3+
O4 geometry) have 
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been identified and may explain the electrochemical results. Furthermore, the 
electrochemical activity was determined using micron-sized primary particles, and 
decreasing in the particle size should increase Li-ion diffusion and increase the capacity 
of the “Li3Fe6(PO4)7”. This size relation has been previously observed for LiMnPO4.
18
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Figure 4.28. First discharge (blue) and charge (red) profile for “Li3Fe6(PO4)7”. 
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Figure 4.29. Cycling profile for “Li3Fe6(PO4)7”. 
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Figure 4.30. TGA of “Li3Fe6(PO4)7” (green), showing a lowered thermal stability 
than that of CsRb2Fe6(PO4)7 (red), see text. 
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Conclusions 
A new series of iron containing phosphate and arsenate polymorphs were isolated 
using the molten halide flux media and characterized by a combination of X-ray 
diffraction, magnetic susceptibility and electrochemically. The polymorphs adopt an 
orthorhombic lattice consisting of three-dimensional framework made by Fe−O−X and 
furthermore, it is comprehended by corner- and edge-sharing FeO6 octahedra, isolated-
FeO4 tetrahedra and XO4 tetrahedra. The Fe−O−X connectivity resulted a tunnel structure 
where alkaline ions reside. Size of the alkaline ions play a major role in the 3-D 
arrangement of Fe−O−X framework. Specifically, the phosphate derivative exhibit a 
solid solution, Cs3-xRbxFe6(PO4)7 where 2.00 ≤ x ≤ 2.75. The magnetic susceptibility of 
the phosphate compound indicated an antiferromagnetic transition at ~8.5 K. 
Additionally, the phosphate derivative shows Li-ion exchange capability on both single 
crystals and the powder, CsRb2Fe6(PO4)7 (Cs3-xRbxFe6(PO4)7 where x = 2.00). Further, 
EDX proved there are no residual of Cs and Rb after Li-ion exchange by confirming the 
presence of Li3Fe6(PO4)7. Electrochemical tests were performed on the Li3Fe6(PO4)7 and 
it shows an initial capacity of ~103 mAh/g which is resemble to four Li-ion insertion 
during the first discharge and further cycling proved this material can be cycled up to 30 
cycles with a total capacity loss of 50%. It is also important to mention the that, this 
material has a higher OCV due to the edge-sharing nature of the Fe−O lattice and longer 
cycliability is another potential advantage in-terms of Li-ion battery applications. On the 
other hand, lot of things remain unclear, especially long term cycliability. An obvious 
study would be to conduct an in situ X-ray diffraction to understand the phase formation 
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during the cycling. Consequently, neutron powder diffraction and other elemental 
analysis techniques such as inductive couple plasma emission spectroscopy would be 
necessary to prove the Li-ion content in the structure and their positions. Further, Na-ion 
battery testing will be ideal to determine the size dependent capability of the ECHEM 
properties. In terms of arsenate derivatives, a systematic study of their magnetic 
properties will be essential to understand the magnetic phenomena associated with 
interesting Fe−O lattice. In any event, it is advantageous to continue surveying a large 
number of compounds of this kind for the future of advanced materials research. 
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CHAPTER FIVE 
SYNTHESIS AND CHARACTERIZATION OF A NEW IRON PHOSPHATE 
FRAMEWORK EXHIBITING 2-D IORN OXIDE LATICE: Sr2-xNa2xFe5O2(PO4)5 (0.25 
≤ x ≤ 1.75) 
 
Introduction 
The syntheses and characterizations of new iron phosphate frameworks have been 
a focus of research after the initial application of olivine, LiFePO4, as a cathode material 
in Li-ion batteries. For this application, it is essential that, these structures provide a 
sturdy three-dimensional framework for Li-ion transport. In addition, these iron 
phosphates are important due to their abundance, low cost and low environmental 
impact.
1a,b
 Moreover, these materials are attractive because of their high operating 
voltages resulting from the inductive effect of their phosphate groups. However, the 
extensive usage of Li-ion batteries from small-scale applications such as mobile phones 
and computers to large-scale applications such as batteries in low emission hybrid or 
electric vehicles influences its future availability and cost, is a current concern among the 
scientists. As a result, researchers are investigating sodium-containing structures for 
large-scale battery applications because of its abundance. Similar to Li-based transition 
metal (TM) phosphates, in particularly, olivine, NASICON (Sodium Super-Ionic 
Conductor), Alluaudite or sodium containing complex 3-D TM phosphates with multiple 
channels, perhaps can be an effective as cathode materials for future Na-ion batteries. 
Furthermore, transition metal fluorophosphates such as NaVPO4F, Na3V2(PO4)2F3, 
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Na2MPO4F (M = Fe and Mn) have been studied as cathode materials for Na-ion batteries. 
Among all these materials, NASICON-type Na3V2(PO4)3 shows the highest capacity 
(~150 mAh/g) with a 3.4 V plateau in the charge discharge cycles.
3d,e
 
Iron phosphates are also known for their structural versatility (rich structural 
chemistry) that, in part, is a result of the stability of multiple oxidation states of iron 
(Fe
2+
/Fe
3+
) while exhibiting different coordination geometries such as tetrahedral (tet-
FeO4), trigonal bipyramidal (tbp-FeO5) and octahedral (oct-FeO6). Furthermore, these 
geometries have the potential to produce various Fe−O−Fe connectivities ensuring the 
development of new structures.
1c-f
 In the meantime, the phosphate groups in these 
structures act as diamagnetic ions to electronically encapsulate (isolate, thus insulate) Fe‒
O magnetic nanostructures.
4a
 For this reason, scientists are investigating the magnetic 
properties of these structures resulting from their unique Fe−O−Fe connectivities. These 
properties include low-dimensional (i.e. metamagnetic), and other forms of magnetic 
behaviors (i.e. resulting from geometrical frustration). For instance, PbFe3O(PO4)3
4d
 and 
SrFe3O(PO4)3
4e
 are two recently reported compounds exhibiting spin-glass behavior due 
to magnetic frustration. The compound research here shares a common structural motif, 
in that they consist of [FeO4]∞ chains with μ3-oxo connected oct-FeO6 and tbp-FeO5 units 
either side of the chains. A major distinction is that, these chains are isolated by PO4 units 
in the previously reported compounds resulting pseudo-one-dimensional chains, whereas 
in the title compound, they are connected to form 2-D Fe‒O sheets. Structurally, the 2-D 
arrangement of Fe‒O in the compound used here is unique since most iron-containing 
oxyanion systems exhibit 1-D or 3-D Fe‒O‒Fe connectivities. In fact, experimental and 
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theoretical studies of 2-D Fe‒O extended systems are limited with the most notable 
exceptions being the RbFe(MoO4),
 
CuFeO2, and jarosite-type compounds, 
AFe3(OH)6(SO4)2 (where A = Na, K, Rb).
4f-h
 With that being said, it remains a rigorous 
and worthwhile challenge for synthetic chemists to identify new classes of 2-D Fe‒O 
systems. 
Recent exploratory synthesis has produced a new iron-containing phosphate 
structure that contains 2-D Fe−O sheets. The parallel sheets are interlinked by non-
magnetic phosphate groups. This chapter reports the synthesis, sodium ion battery 
characterization, the dc magnetic properties, and the neutron powder diffraction studies 
of Sr1.25Na1.5Fe5O2(PO4)5. The discovery of Sr1.25Na1.5Fe5O2(PO4)5 sets up a fascinating 
study of a pseudo-2-D magnetic lattice where correlations between structure and physical 
properties with respect to dimensionality are discussed. 
Synthesis and Characterization 
Synthesis of Sr1.25Na1.5Fe5O2(PO4)5 Single Crystals: The title compound was a 
result of another exploratory attempt by targeting the synthesis of a new compound 
system of Sr3Fe8(PO4)10. A stoichiometric mixture of SrO (99.5%, Alfa Aesar), Fe2O3 
(99.945%%, Alfa Aesar) and P4O10 (99.99%, Alfa Aesar) were used with CsCl/NaCl 
eutectic flux (65:35 mol %). Approximately 0.3 g of the oxides was mixed in a 6 : 8 : 5 
molar ratios with 0.9 g of the salt flux and ground in a nitrogen-purged dry box. The 
reaction mixture was then sealed in an evacuated silica tube and heated to 800 °C at 1 °C 
min
-1
. The temperature was held at 800 °C for three days, slowly cooled to 300 °C at 0.1 
°C min
-1
, and then furnace-cooled to room temperature. The crystalline phase was 
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retrieved from the flux by washing the product with deionized water using a suction 
filtration method. This particular reaction produced a very high yield of the title 
compound, ~90% (after washing) and the powder X-ray diffraction pattern (PXRD) for 
the whole reaction after washing is given in the Figure 5.1. After that, the original 
reaction was modified to achieve the title compound. In the modified reaction a mixture 
of SrO, Na2O (85%, Aldrich), Fe2O3 and P4O10 were used with the CsCl/NaCl eutectic 
flux. Here, approximately 0.3 g of the oxides were mixed in a 5 : 3 : 10 : 5 molar ratio 
with 0.9 g of a CsCl/NaCl and a temperature program similar to the above reaction was 
employed. As expected, a relatively stoichiometric yield of single crystals (brown 
coloration and columnar morphologies) of the title compound was isolated.
5
 Sizable 
single crystals, ~3 mm in size with respect to the longest dimension can be grown by 
employing a slower cooling rate (0.05 °C min
–1
 from 800 °C to 300 °C) and a larger 
amount of flux (1:9 ratio by mass between reactants and the flux).  
Stoichiometric Synthesis of Sr1.25Na1.5Fe5O2(PO4)5: A stoichiometric yield of 
the title compound was achieved using a high-temperature, solid-state reaction. The 
reactants consisted of SrO (99.5%, Alfa Aesar), Na2CO3 (99.9%, Alfa Aesar), Fe2O3 
(99.945%, Alfa Aesar) and (NH4)H2PO4 (99.99%, Alfa Aesar). Approximately 1 g of 
total reactants with the molar ratio of 5 : 3 : 10 : 20 was used. The sample was prepared 
in a nitrogen purged dry box, loaded into quartz tube and heated in open air. The 
synthesis of solid solution was attempted by varying the amount of strontium and sodium 
using a common formula of Sr2-xNa2xFe5O2(PO4)5. 
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Figure 5.1. PXRD of the reaction products from the first reaction (6SrO + 4Fe2O3 + 
5P4O10) showing high yield of Sr1.25Na1.5Fe5O2(PO4)5.  
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Single Crystal X−Ray Diffraction (SXRD): Single crystals were physically 
examined and selected under an optical microscope equipped with a polarizing light 
attachment. The crystals were then mounted on a glass fiber and data was collected using 
a Rigaku Mercury CCD detector on an AFC-8S diffractometer equipped with graphite 
monochromated Mo Kα radiation (λ = 0.71073 Å). The structure was solved by direct 
methods using the SHELEX-97
6
 program and refined on F
2
 by least-squares, full-matrix 
techniques. Tables 5.1-5.3 report the crystallographic data, atomic parameters and 
anisotropic thermal parameters of the title compound while selected bond distances and 
angles are given in Tables 5.4 and 5.5. 
Powder X-Ray Diffraction: All the polycrystalline samples were characterized 
using Rigaku Ultima IV multipurpose X-ray diffraction system described in Chapter 2. 
The sample was examined in the 2θ range of 5– 65° with a 0.02 step size with the scan 
speed of 0.1 steps per second (~10 hrs scan per sample). The powder X-ray diffraction 
(PXRD) pattern was refined using the general structure analysis system (GSAS) 
program.
6
 Additionally, high resolution synchrotron powder diffraction data were 
collected using beamline, 11-BM at the Advanced Photon Source (APS), Argonne 
National Laboratory for the Sr1.25Na1.5Fe5O2(PO4)5 sample (a complete procedure 
available in Chapter two). 
Na-Ion Battery Testing: Sr1.25Na1.5Fe5O2(PO4)5 was investigated as a cathode 
material using 2032 coin cells prepared in an argon-filled glove box. 5.81 mg cm
-2
 was 
used in the coin cell. Sodium metal disk electrodes were prepared by cutting the sodium 
cubes (Aldrich, 99%). After that sodium disks were rolled and punched out to achieve the 
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correct size of the electrode accordingly. Propylene carbonate (PC, Aldrich, 99% purity) 
and 1 M NaClO4 salt (Aldrich, 99%, CAUTION: NaClO4 is a strong oxidizer so care 
must be taken when handling the powder, particularly in the presence of organic 
materials) were used as the electrolytes. Finally, coin cells were cycled within the voltage 
window between 1.2-4.3 V. 
Temperature and Field-Dependent Magnetization: Temperature- and field-
dependent magnetic measurements of the title compound were carried out using a 
Quantum Design PPMS equipped with the vibrating sample magnetometer (VSM) 
option. The measurements were taken from 8 to 300 K with an applied field of H = 0.5 T. 
Additionally field-dependent studies were performed with field sweeps of 2 to 2 T at 
isotherms of 8 K, 15 K, 22 K and 35 K.  
Neutron Powder Diffraction (NPD): NPD patterns were collected using the high 
resolution neutron powder diffractometer, BT-1 at the NIST (National Institute of 
Satandards and Technology) center for Neutron Research (NCNR). 5 g of powder sample 
of Sr1.25Na1.5Fe5O2(PO4)5 was placed in 5 mm diameter cylindrical vanadium can. 
Ge(311) monochromized beam was used, producing a wavelength of 2.0787 Å, with 60’ 
collimation prior to the monochromator. NPD data was collected at 250 K, 75 K and 5 K. 
EXPGUI/GSAS and Fullprof
6
 were used to obtain the nuclear and magnetic structure of 
the target phase.  
SEM and EDX Analysis: Scanning electron microscopy (SEM) was used to 
study the texture, topography and surface features of the single crystals. The chemical 
contents for this study are verified via semi-quantitative elemental analysis by the energy 
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dispersive X-ray (EDX) spectroscopy using a Hitachi S-3400 scanning electron 
microscope (SEM) equipped with an OXFORD EDX microprobe. The results confirmed 
the elemental contents in the single crystals samples, see Fig. 5.2. 
Spectroscopic Characterization: Infrared (IR), Raman and UV/vis/near-IR 
spectrums of the title compound were also obtained for further characterization using the 
procedure available in chapter 2. 
Table 5.1. Crystallographic data for Sr1.27(1)Na1.46(1)Fe5O2(PO4)5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.07857P)
2
 + 6.1234 P] for 7, w = 1 / [σ2(Fo2) + (0.0706P)2 + 1.1104 P]. 
 
Empirical formula Sr1.27(1)Na1.46(1)Fe5O2(PO4)5 
FW 930.43 
Crystal System orthorhombic 
Crystal dimension, mm 0.74 x 0.34 x 0.21 
Space Group, Z Pnma (no. 62), 4 
T, °C 27 
a, Å 28.227(1) 
b, Å 6.3301(1) 
c, Å 9.7149(2) 
V, Å
3
 1735.9(2) 
μ (Mo Kα), mm-1 8.560 
dcalc, g cm
-3
 3.674 
Data/restraints/parameters 1689/0/199 
Final R1(%), wR2
a
 [I > 2σ(I)](%), GOF 0.0372/0.0961/1.034 
Largest diff. peak/hole, e/ Å
3
 1.075/-0.929 
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Table 5.2. Atomic parameters for Sr1.27(1)Na1.46(1)Fe5O2(PO4)5. 
Atom Wyck. Occ. x y z 
Sr(1) 4c 0.835(1) 0.27076(3) 1/4 0.30242(6) 
Na(1) 4c 0.165(1) 0.27076(3) 1/4 0.30242(6) 
Sr(2) 4c 0.434(1) -0.03406(4) 1/4 0.60858(1) 
Na(2) 4c 0.566(1) -0.03406(4) 1/4 0.60858(1) 
Na(3) 8d 0.365(1) -0.0146(4) 0.0657(1) -0.0324(1) 
Fe(1) 8d 1.0 0.14746(2) 0.0172(1) 0.25691(1) 
Fe(2) 4c 1.0 0.34491(3) -1/4 0.43331(1) 
Fe(3) 4c 1.0 0.16971(3) 1/4 0.57143(1) 
Fe(4) 4c 1.0 -0.04659(3) 1/4 0.25436(1) 
P(1) 4c 1.0 0.24418(3) -1/4 0.21121(1) 
P(2) 4c 1.0 0.36712(3) 1/4 0.47034(1) 
P(3) 4c 1.0 0.04779(3) 1/4 0.27625(1) 
P(4) 4c 1.0 0.06896(3) 1/4 0.75143(1) 
P(5) 4c 1.0 0.35462(3) 1/4 0.05000(1) 
O(1) 4c 1.0 0.29145(1) -1/4 0.2888(4) 
O(2) 8d 1.0 0.33901(1) 0.0589(5) 0.4190(3) 
O(3) 8d 1.0 0.32632(1) 0.0594(5) 0.0995(3) 
O(4) 4c 1.0 0.34663(1) -1/4 0.6233(4) 
O(5) 4c 1.0 0.35851(1) 1/4 -0.1100(4) 
O(6) 4c 1.0 0.41828(1) 1/4 0.4193(4) 
O(7) 4c 1.0 0.36639(1) 1/4 0.6298(4) 
O(8) 4c 1.0 0.01590(1) 1/4 0.1478(4) 
O(9) 4c 1.0 0.40577(1) 1/4 0.1015(2) 
O(10) 4c 1.0 0.01230(1) 1/4 0.3966(4) 
O(11) 8d 1.0 0.03700(1) 0.0591(5) 0.7326(3) 
O(12) 8d 1.0 0.07816(1) 0.0484(5) 0.2806(3) 
O(13) 8d 1.0 0.21639(1) -0.0499(5) 0.2474(3) 
O(14) 4c 1.0 0.16071(1) 1/4 0.3828(4) 
O(15) 4c 1.0 0.08941(2) 1/4 0.8987(1) 
O(16) 4c 1.0 0.10831(2) 1/4 0.6451(1) 
O(17) 4c 1.0 0.24182(1) 1/4 0.5585(4) 
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Table 5.3. Anisotropic thermal parameters (Å
2
) of Sr1.27(1)Na1.46(1)Fe5O2(PO4)5. 
Atom U11 U22 U33 U12 U13 U23 
Sr(1) 0.0166(5) 0.0167(4) 0.0179(4) 0.00000 -0.0028(3) 0.00000 
Na(1) 0.0166(5) 0.0167(4) 0.0179(4) 0.00000 -0.0028(3) 0.00000 
Sr(2) 0.0169(7) 0.0236(6) 0.0165(6) 0.00000 0.0005(4) 0.00000 
Na(2) 0.0169(7) 0.0236(6) 0.0165(6) 0.00000 0.0005(4) 0.00000 
Na(3) 0.066(8) 0.147(1) 0.087(8) 0.000(6) 0.012(5) -0.099(8) 
Fe(1) 0.0122(4) 0.0107(4) 0.0132(4) 0.0010(2) 0.0002(2) -0.0002(2) 
Fe(2) 0.0187(5) 0.0099(4) 0.0117(5) 0.00000 -0.0015(3) 0.00000 
Fe(3) 0.0134(5) 0.0106(4) 0.0126(4) 0.00000 0.0006(3) 0.00000 
Fe(4) 0.0115(5) 0.0119(5) 0.0138(5) 0.00000 0.0004(3) 0.00000 
P(1) 0.0095(8) 0.0125(7) 0.0148(7) 0.00000 0.0012(6) 0.00000 
P(2) 0.0159(9) 0.0098(7) 0.0103(7) 0.00000 0.0013(6) 0.00000 
P(3) 0.0098(9) 0.0121(7) 0.0193(7) 0.00000 0.0010(6) 0.00000 
P(4) 0.0112(9) 0.0096(8) 0.037(1) 0.00000 0.0004(7) 0.00000 
P(5) 0.0120(8) 0.0091(7) 0.0097(7) 0.00000 -0.0007(5) 0.00000 
O(1) 0.023(3) 0.016(2) 0.018(2) 0.00000 -0.0086(1) 0.00000 
O(2) 0.0249(1) 0.0088(1) 0.0188(1) -0.0021(1) -0.0036(1) -0.0017(1) 
O(3) 0.0183(1) 0.0136(1) 0.0180(1) -0.0015(1) 0.0022(1) 0.0019(1) 
O(4) 0.022(3) 0.014(2) 0.012(2) 0.00000 -0.0008(1) 0.00000 
O(5) 0.016(2) 0.018(2) 0.0072(1) 0.00000 -0.0006(1) 0.00000 
O(6) 0.023(3) 0.021(2) 0.013(2) 0.00000 0.0065(1) 0.00000 
O(7) 0.018(2) 0.0117(1) 0.0095(1) 0.00000 0.0009(1) 0.00000 
O(8) 0.014(2) 0.020(2) 0.015(2) 0.00000 0.0046(1) 0.00000 
O(9) 0.015(2) 0.020(2) 0.018(2) 0.00000 -0.0060(1) 0.00000 
O(10) 0.013(2) 0.028(2) 0.017(2) 0.00000 0.0000(1) 0.00000 
O(11) 0.0171(1) 0.0128(1) 0.0311(1) -0.0012(1) -0.0044(1) 0.0008(1) 
O(12) 0.0150(1) 0.0137(1) 0.0297(1) 0.0007(1) 0.0003(1) -0.0009(1) 
O(13) 0.0141(1) 0.0137(1) 0.0224(1) 0.0034(1) 0.0016(1) 0.0000(1) 
O(14) 0.022(3) 0.014(2) 0.013(2) 0.00000 -0.0033(1) 0.00000 
O(15) 0.050(4) 0.017(2) 0.060(4) 0.00000 -0.031(3) 0.00000 
O(16) 0.033(4) 0.024(3) 0.135(7) 0.00000 0.051(4) 0.00000 
O(17) 0.015(2) 0.023(2) 0.0083(1) 0.00000 -0.0030(1) 0.00000 
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Table 5.4. Selected bond distances of Sr1.27(1)Na1.46(1)Fe5O2(PO4)5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a-i
Symmetry codes: (a) -x+1/2,-y,z-1/2, (b) -x+1/2,-y,z+1/2, (c) x,-y-1/2,z, (d) -
x+1/2,y+1/2,z+1/2, (e) x-1/2,y,-z+1/2, (f) -x,y+1/2,-z+1, (g) -x,-y,-z+1, (h) x,-y+1/2,z 
 
 
 
 
Fe(1)O6 P(1)O4 
Fe(1)−O(4)a 1.971(3) Å P(1)−O(1) 1.533(5) Å 
Fe(1)−O(5)b 2.136(2) Å P(1)−O(13)c 1.531(3) Å 
Fe(1)−O(7)a 2.130(2) Å P(1)−O(13) 1.531(3) Å 
Fe(1)−O(12) 1.979(3) Å P(1)−O(17)a 1.535(4) Å 
Fe(1)−O(13) 1.994(3) Å P(2)O4 
Fe(1)−O(14) 1.951(3) Å P(2)−O(2)a 1.530(3) Å 
Fe(2)O5 P(2)−O(2) 1.530(3) Å 
Fe(2)−O(1) 2.061(4) Å P(2)−O(6) 1.527(5) Å 
Fe(2)−O(2) 1.968(3) Å P(2)−O(7) 1.550(4) Å 
Fe(2)−O(2)c 1.968(3) Å P(3)O4 
Fe(2)−O(4) 1.847(4) Å P(3)−O(11)a 1.519(3) Å 
Fe(2)−O(15)a 1.884(6) Å P(3)−O(11) 1.519(3) Å 
Fe(3)O6 P(3)−O(15) 1.543(6) Å 
Fe(3)−O(1)b 2.379(5) Å P(3)−O(16) 1.517(7) Å 
Fe(3)−O(3)d 1.981(3) Å P(4)O4 
Fe(3)−O(3)b 1.981(3) Å P(4)−O(8) 1.539(4) Å 
Fe(3)−O(14) 1.850(4) Å P(4)−O(10) 1.540(4) Å 
Fe(3)−O(16) 1.875(6) Å P(4)−O(12) 1.538(3) Å 
Fe(3)−O(17) 2.039(5) Å P(4)−O(12)i 1.538(3) Å 
Fe(4)O6 P(5)O4 
Fe(4)−O(6)e 1.957(4) Å P(5)−O(3)
a
 1.525(3) Å 
Fe(4)−O(8) 2.045(4) Å P(5)−O(3) 1.525(3) Å   
Fe(4)−O(9)e 1.941(4) Å P(5)−O(5) 1.558(4) Å 
Fe(4)−O(10) 2.162(5) Å P(5)−O(9) 1.528(5) Å   
Fe(4)−O(11)f 1.980(3) Å   
Fe(4)−O(11)f 1.980(3) Å   
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Table 5.5. Selected bond angles of Sr1.27(1)Na1.46(1)Fe5O2(PO4)5. 
O(14)-Fe(1)-O(4)#11 80.32(1) O(17)-Fe(3)-O(1)#12 66.10(1) 
O(14)-Fe(1)-O(12) 92.37(1) O(9)#5-Fe(4)-O(6)#5 105.7(2) 
O(4)#11-Fe(1)-O(12) 94.92(1) O(9)#5-Fe(4)-O(11)#4 92.79(1) 
O(14)-Fe(1)-O(13) 90.17(1) O(6)#5-Fe(4)-O(11)#4 97.14(2) 
O(4)#11-Fe(1)-O(13) 92.65(1) O(9)#5-Fe(4)-O(11)#3 92.79(1) 
O(12)-Fe(1)-O(13) 172.32(1) O(6)#5-Fe(4)-O(11)#3 97.14(1) 
O(14)-Fe(1)-O(7)#11 176.46(1) O(11)#4-Fe(4)-O(11)#3 162.6(2) 
O(4)#11-Fe(1)-O(7)#11 103.16(1) O(9)#5-Fe(4)-O(8) 164.26(1) 
O(12)-Fe(1)-O(7)#11 88.00(1) O(6)#5-Fe(4)-O(8) 90.04(1) 
O(13)-Fe(1)-O(7)#11 89.02(1) O(11)#4-Fe(4)-O(8) 85.09(1) 
O(14)-Fe(1)-O(5)#12 103.52(1) O(11)#3-Fe(4)-O(8) 85.09(1) 
O(4)#11-Fe(1)-O(5)#12 176.03(1) O(9)#5-Fe(4)-O(10) 94.11(1) 
O(12)-Fe(1)-O(5)#12 86.02(1) O(6)#5-Fe(4)-O(10) 160.19(1) 
O(13)-Fe(1)-O(5)#12 86.35(1) O(11)#4-Fe(4)-O(10) 81.61(1) 
O(7)#11-Fe(1)-O(5)#12 73.00(1) O(11)#3-Fe(4)-O(10) 81.61(1) 
O(4)-Fe(2)-O(15)#11 98.8(3) O(6)-P(2)-O(2)#1 112.63(1) 
O(4)-Fe(2)-O(2)#13 94.17(9) O(6)-P(2)-O(2) 112.63(1) 
O(15)#11-Fe(2)-O(2)#13 94.05(1) O(2)#1-P(2)-O(2) 104.5(3) 
O(4)-Fe(2)-O(2) 94.17(1) O(6)-P(2)-O(7) 109.7(2) 
O(15)#11-Fe(2)-O(2) 94.05(1) O(2)#1-P(2)-O(7) 108.59(1) 
O(2)#13-Fe(2)-O(2) 167.35(1) O(2)-P(2)-O(7) 108.59(1) 
O(4)-Fe(2)-O(1) 134.5(2) O(12)-P(4)-O(12)#1 112.2(3) 
O(15)#11-Fe(2)-O(1) 126.8(3) O(12)-P(4)-O(8) 110.38(1) 
O(2)#13-Fe(2)-O(1) 83.68(1) O(12)#1-P(4)-O(8) 110.38(1) 
O(2)-Fe(2)-O(1) 83.68(1) O(12)-P(4)-O(10) 109.98(1) 
O(14)-Fe(3)-O(16) 104.6(3) O(12)#1-P(4)-O(10) 109.98(1) 
O(14)-Fe(3)-O(3)#14 98.29(1) O(8)-P(4)-O(10) 103.6(2) 
O(16)-Fe(3)-O(3)#14 89.98(1) O(12)-P(4)-Fe(4) 123.90(1) 
O(14)-Fe(3)-O(3)#12 98.29(2) O(12)#1-P(4)-Fe(4) 123.90(1) 
O(16)-Fe(3)-O(3)#12 89.98(1) O(16)-P(3)-O(11)#1 110.7(2) 
O(3)#14-Fe(3)-O(3)#12 162.87(1) O(16)-P(3)-O(11) 110.7(2) 
O(14)-Fe(3)-O(17) 94.36(1) O(11)#1-P(3)-O(11) 105.4(3) 
O(16)-Fe(3)-O(17) 161.1(3) O(16)-P(3)-O(15) 110.9(5) 
O(3)#14-Fe(3)-O(17) 87.26(1) O(11)#1-P(3)-O(15) 109.5(2) 
O(3)#12-Fe(3)-O(17) 87.26(1) O(11)-P(3)-O(15) 109.5(2) 
O(14)-Fe(3)-O(1)#12 160.46(1) O(3)#1-P(5)-O(3) 104.6(3) 
O(16)-Fe(3)-O(1)#12 95.0(3) O(3)#1-P(5)-O(9) 113.04(1) 
O(3)#14-Fe(3)-O(1)#12 81.47(9) O(3)-P(5)-O(9) 113.04(16) 
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O(3)#12-Fe(3)-O(1)#12 81.47(9) O(3)#1-P(5)-O(5) 110.59(16) 
O(9)-P(5)-O(5) 105.1(2)   
Symmetry codes: #1 x,-y+1/2,z; #2 x,y+1,z; #3 -x,-y,-z+1; #4 -x,y+1/2,-z+1; #5 x-1/2,y,-
z+1/2; #6 -x,-y+1,-z+1; #7 -x,-y,-z; #8 x,y,z-1; #9 -x,y+1/2,-z; #10 -x,y-1/2,-z; #11 -
x+1/2,-y,z-1/2; #12 -x+1/2,-y,z+1/2; #13 x,-y-1/2,z; #14 -x+1/2,y+1/2,z+1/2; #15 x,y-1,z; 
#16 x,y,z+1; #17 x,-y+1/2,z+1; #18 x+1/2,y,-z+1/2; #19 -x+1/2,y-1/2,z+1/2; #20 -
x+1/2,y+1/2,z-1/2; #21 x+1/2,-y+1/2,-z+1/2 
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Figure 5.2. (top) SEM images of single crystals with elemental mapping; (bottom) 
Elemental composition in the single crystals of the title compound.  
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Results and Discussion 
Synthesis and Crystal structures: The title compound crystallizes in an 
orthorhombic crystal system with the space group Pnma (No. 62) and reveals a three-
dimensional framework that consists of interconnected channels. Figure 5.3 shows the 
perspective view of the title compound revealing fused 8-membered rings of the channels 
running along the b-axis, where mixed Sr/Na and Na cations reside, Figure 5.4.  
Single crystal X-ray diffraction (SXRD) data reveals that there are two disordered 
Sr/Na sites. The thermal parameters for the two disordered sites were used as constraints 
and their occupancies were refined. The third electropositive cation site was assigned as 
partially occupied sodium. Here, two structure solutions were attempted depending upon 
the occupancies of Na(3) site; 1) without a constraint; 2) with a constraint on Na(3) site to 
achieve the total charge of cations equal to four. The R values and thermal parameters for 
those two structure solutions are given in Table 5.6. According to the data given in Table 
5.6, we did not observe any significant change of R value with one over the other. 
Therefore, we chose the second structure solution as our final structure solution where the 
total charge of the cation sites added up to four. After the careful examination of several 
single crystals, it was found that the R values are consistent with the method we used in 
our structure solutions and, unit cell parameters and occupancies of Sr and Na for these 
three structure solutions are given in Tables 5.7 and 5.8. It appears that the title 
compound, approximated as Sr1.27Na1.46Fe5O2(PO4)5, has a point composition in the 
single crystals found in this reaction. Additionally, elemental analysis, using energy 
dispersive X-ray spectroscopy (EDX), confirmed the constituents determined by SXRD 
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Figure 5.3. Perspective view along the b-axis showing the pseudo-one-dimensional 
channels where the mixed (Sr/Na)
+
 and Na
+ 
cations reside. The color code of circles is 
the same throughout the report. 
structural refinements, see Figure 5.2. Furthermore, bond valance sum (BVS) was 
calculated for each Fe sites for those three single crystals structure solutions and it 
confirms oxidation state of iron is Fe
3+
, Table 5.10.  
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Figure 5.4. Eight-membered ring made from Fe−O−P framework forming channels 
approximately along the b-axis where mixed Sr/Na and partially occupied Na cations 
resides. It is noticed the presence of edge-shared Fe(4)O6-P(4)O4 units that are rarely 
seen, see text. 
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Table 5.6. R values and the thermal parameters for two different structure solutions 
achieved with and without the constraints in Na(3) site. 
atom Wyck. 
Free Na(3) Fixed Na(3) site 
occupancies 
Thermal 
parameters 
occupancies 
Thermal 
parameters 
SrNa(1) 
Sr(1) 
4c 
0.835(1) 0.01644(1) 0.835(1) 0.01666(1) 
Na(1) 0.165(1) 0.01644(1) 0.165(1) 0.01666(1) 
SrNa(2) 
Sr(2) 
4c 
0.434(1) 0.01688(1) 0.434(1) 0.01692(1) 
Na(2) 0.566(1) 0.01688(1) 0.566(1) 0.01692(1) 
Na(3) 8d 0.356(1) 0.06454(1) 0.365(1) 0.06650(1) 
R1/wR2  0.0372/0.0961 0.0373/0.0973 
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Table 5.7. Crystallographic Data for different single crystals showing the variation of Na and Sr content in the formula. 
 1 2 3 
Empirical formula Sr1.27(1)Na1.46(1)Fe5O2(PO4)5 Sr1.27(1)Na1.46(1)Fe5O2(PO4)5 Sr1.27(2) Na1.46(2) Fe5O2(PO4)5 
FW 930.71 930.71 930.71 
Crystal System orthorhombic Orthorhombic Orthorhombic 
Crystal dimension, mm 0.74 x 0.34 x 0.21 0.26 x 0.14 x 0.10 0.22 x 0.12 x 0.09 
Space Group, Z Pnma (no. 62), 4 Pnma (no. 62), 4 Pnma (no. 62), 4 
T, °C 27 27 27 
a, Å 28.227(1) 28.230(1) 28.231(1) 
b, Å 6.3301(1) 6.3306(1) 6.3302(1) 
c, Å 9.7149(2) 9.7158(2) 9.7150(2) 
V, Å
3
 1735.9(2) 1736.3(2) 1736.1(2) 
μ (Mo Kα), mm-1 8.560 8.475 8.510 
dcalc, g cm
-3
 3.674 3.546 3.546 
Data/restraints/paramete
rs 
1689/0/199 1697/0/198 1692/0/198 
Final R1, wR2
a
 [I > 
2σ(I)], GOF 
0.0372/0.0961/1.034 0.0315/0.0805/1.143 0.0344/0.0846/1.150 
Largest diff. peak/hole, 
e/ Å
3
 
1.075/-0.929 0.701/-0.796 1.041/-0.818 
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Table 5.8. Sr and Na occupancies in each single crystals. 
atom Wyck 
SOF 
1 2 3 
SrNa(1) 
Sr(1) 
4c 
0.835(1) 0.833(1) 0.835(1) 
Na(1) 0.165(1) 0.167(1) 0.165(1) 
SrNa(2) 
Sr(2) 
4c 
0.434(1) 0.432(1) 0.435(1) 
Na(2) 0.566(1) 0.568(1) 0.565(1) 
Na(3) 8d 0.365(1) 0.364(1) 0.365(1) 
 
Table 5.9. Bond valence some calculations for (Sr/Na) and Na sites.  
Sr(1)/Na Sr(2)/Na 
Sr(1)/NaO8 Sr(2)/NaO8 
Sr1(1)/Na−O(2) x 2 0.33 Sr1(2)/Na−O(8) 0.41 
Sr1(1)/Na−O(3) 0.16 Sr1(2)/Na−O(9) 0.23 
Sr1(1)/Na−O(13) x 2 0.35 Sr1(1)/Na−O(10) x 2 0.35 
Sr1(1)/Na−O(14) 0.05 Sr1(2)/Na−O(11) x 2 0.05 
Sr1(1)/Na−O(15) 0.05 Sr1(2)/Na−O(12) x 2 0.05 
Sr1(1)/Na−O(17) 0.25 ∑(Sr2+) 1.55 
∑(Sr2+) 1.87   
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Table 5.10. Fe−O bond distances for the above three single crystals and Bond valance 
sum (BVS) calculations. 
FeO
6
 1 2 3 
Fe(1)−O(4) 1.971(3) Å 1.970(3) Å 1.970(2) Å 
Fe(1)−O(5) 2.136(2) Å 2.140(2) Å 2.138(2) Å 
Fe(1)−O(7) 2.130(2) Å 2.136(2) Å 2.134(2) Å 
Fe(1)−O(12) 1.979(3) Å 1.986(3) Å 1.989(3 Å) 
Fe(1)−O(13) 1.994(3) Å 2.002(3) Å 2.001(3) Å 
Fe(1)−O(14) 1.951(3) Å 1.953(3) Å 1.949(2) Å 
BVS 2.968 2.935 2.942 
Fe(2)−O(1) 2.061(4) Å 2.054(4) Å 2.053(4) Å 
Fe(2)−O(2) 1.968(3) Å 1.967(3) Å 1.972(2) Å 
Fe(2)−O(2) 1.968(3) Å 1.967(3) Å 1.972(2) Å 
Fe(2)−O(4) 1.847(4) Å 1.848(4) Å 1.847(3) Å 
Fe(2)−O(15) 1.884(6) Å 1.886(6) Å 1.904(4) Å 
BVS 3.080 3.086 3.040 
Fe(3)−O(1) 2.379(5) Å 2.379(5) Å 2.377(4) Å 
Fe(3)−O(3) 1.981(3) Å 1.985(3) Å 1.985(2) Å 
Fe(3)−O(3) 1.981(3) Å 1.985(3) Å 1.985(2) Å 
Fe(3)−O(14) 1.850(4) Å 1.850(4) Å 1.857(3) Å 
Fe(3)−O(16) 1.875(6) Å 1.884(5) Å 1.889(4) Å 
Fe(3)−O(17) 2.039(5) Å 2.047(4) Å 2.043(4) Å 
BVS 3.266 3.227 3.209 
Fe(4)−O(6) 1.957(4) Å 1.955(4) Å 1.968(4) Å 
Fe(4)−O(8) 2.045(4) Å 2.046(4) Å 2.056(3) Å 
Fe(4)−O(9) 1.941(4) Å 1.946(4) Å 1.934(4) Å 
Fe(4)−O(10) 2.162(5) Å 2.162(4) Å 2.141(4) Å 
Fe(4)−O(11) 1.980(3) Å 1.983(3) Å 1.982(3) Å 
Fe(4)−O(11) 1.980(3) Å 1.983(3) Å 1.982(3) Å 
BVS 3.095 3.080 3.090 
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For following discussion the first and the second Sr/Na sites will be referred as 
Sr(1)/Na and Sr(2)/Na respectively for the simplicity. According to the single crystal 
structure solutions both sites are eight coordinated. Bond valence sum (BVS)
6
 
calculations for sodium and strontium sites are given in Table 5.9. The Sr(1)/Na−O bond 
distances range from 2.449(1) to 3.203(3) Å and the Sr(2)/Na−O bond distances range 
from 2.440(1) to 3.224(3) Å. The average Sr(1)/Na−O and Sr(2)/Na−O are 2.72(1) and 
2.78(1) Å respectively. The expected Shannon crystal radii for 8-coordinated Sr−O and 
Na−O are 2.68 and 2.60 Å (difference between expected Shannon crystal radii for 
average 8-coordinated Sr−O and Na−O are 0.08 Å) respectively. The difference between 
the calculated 8-coordinated Sr−O and observed average bond distances for Sr(1)/Na−O 
and Sr(2)/Na−O are 0.04 Å and 0.10 Å respectively. It is noteworthy to pointing out that 
Sr(1)/Na−O has ~80% of Sr while Sr(2)/Na−O has ~50% which could be the reason for 
the difference between the average bond distances. This may also suggest that the unit 
cell volume highly depend on the Sr content in the structure. Therefore, one can expect to 
observe the increase of unit cell volume with increasing strontium content of the unit cell. 
To investigate the solid solution and the effect of cations in cell volume, we 
conducted isoelectronic cation substitution using a common formula of Sr2-
xNa2xFe5O2(PO4)5. First, Sr1.25Na1.5Fe5O2(PO4)5 where x = 0.75 was synthesized using the 
conditions that mentioned under the experimental section. The synchrotron X-ray was 
conducted on this particular sample and the powder patterns were refined using EXPGUI 
/GSAS
6
, Figure 5.5. The unit cell parameters are given in the Table 5.11 and atomic 
coordination is reported in Table 5.12, which are consistent with the SXRD data 
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presented earlier. The solid solution exists within the range of 0.70 ≤ x ≤ 1.75. Figures 
5.6, 5.7 and 5.8 show the PXRD patterns of the samples produced in the attempts of the 
entire range of Sr2-xNa2xFe5O2(PO4)5. Figure 5.8 shows the absence of purely sodium 
(where x = 2) and strontium phases (where x = 0) in this series. For the PXRD patterns in 
Figure 5.6, least-square refinements were conducted using GSAS
6
, Figure 5.9. The unit 
cell parameters are listed in Table 5.13. As expected, the unit cell volume as a function of 
x plots (Figure 5.10) for the solid solution series follows the Vegards’s Law. There is no 
significant change of either of a or b-axis but there is a significant change in the c-axis. 
The c-axis shrinks with the high concentration of Na
+
 from 9.7151(1), x = 0.70 to 
9.6954(1) Å, x = 1.75. The occupancy of Sr and Na sites for x = 0.70, 1.0, 1.50 and 1.75 
were achieved using the least square refinements of the powder patterns and they are 
given in the Table 5.14.  
 
Table 5.11. Crystallographic data obtained from Synchrotron X-ray for Sr2-
xNa2xFe5O2(PO4)5 where x =0.75. 
Chemical formula Sr1.25(1)Na1.50(2)Fe5O2(PO4)5 
Crystal color, shape brown, polycrystalline 
Formula weight (g/mol) 929.65 
Space group Pnma (no. 15) 
a (Å) 28.221(1) 
b (Å) 6.3311(1) 
c (Å) 9.7141(2) 
V (Å
3
) 1735.6(2) 
Z 4 
(calc) (g/cm
3
) 3.492 
Rp/wRp 0.0314/0.0410 
χ2  1.49 
 
223 
 
 
Figure 5.5. GSAS refinement of Sr1.25Na1.50Fe5O2(PO4)5 employing high resolution powder X-ray diffraction data acquired 
using 11-BM at APS at room temperature. 
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Table 5.12. Atomic coordinates and equivalent displacement parameters for Sr2-
xNa2xFe5O2(PO4)5 where x =0.75, obtained from Synchrotron X-ray. 
 
Atom SOF x y z U 
Sr(1) 0.79(1) 0.2699(4) 0.2500 0.3037(1) 0.0052(1) 
Na(1) 0.21(1) 0.1430(3) 0.2500 0.430(1) 0.0089(1) 
Sr(2) 0.46(1) -0.0373(1) 0.2500 0.5952(2) 0.032(2) 
Na(2) 0.54(1) -0.0341(2) 0.2500 0.6301(1) 0.0071(1) 
Na(3) 0.37(1) -0.0126(1) 0.0711(1) -0.0331(1) 0.081(1) 
Fe(1) 1.0 0.1478(2) 0.0171(1) 0.2580(1) 0.0020(1) 
Fe(2) 1.0 0.3439(2) 0.2500 0.4323(1) 0.0025(1) 
Fe(3) 1.0 0.1696(2) 0.2500 0.5730(1) 0.0084(1) 
Fe(4) 1.0 -0.0466(1) 0.2500 0.2531(1) 0.0116(1) 
P(1) 1.0 0.2451(4) -0.2500 0.2117(2) 0.0055(3) 
P(2) 1.0 0.3673(4) 0.2500 0.4719(1) 0.0078(3) 
P(3) 1.0 0.0465(4) 0.2500 0.2810(1) 0.0032(3) 
P(4) 1.0 0.0683(4) 0.2500 0.7610(1) 0.0080(2) 
P(5) 1.0 0.3554(5) 0.2500 0.0451(1) 0.008(4) 
O(1) 1.0 0.2929(3) -0.2500 0.2922(1) 0.0026(2) 
O(2) 1.0 0.3369(2) 0.0596(1) 0.4161(1) 0.0205(2) 
O(3) 1.0 0.3270(2) 0.0545(1) 0.0981(1) 0.0034(2) 
O(4) 1.0 0.3462(4) -0.2500 0.6225(2) 0.0013(2) 
O(5) 1.0 0.3575(3) 0.2500 -0.1110(2) 0.0045(1) 
O(6) 1.0 0.4174(5) 0.2500 0.4209(1) 0.0092(2) 
O(7) 1.0 0.3674(4) 0.2500 0.6305(2) 0.0141(4) 
O(8) 1.0 0.0163(4) 0.2500 0.1463(1) 0.0086(2) 
O(9) 1.0 0.4061(4) 0.2500 0.1003(2) 0.0151(4) 
O(10) 1.0 0.0125(4) 0.2500 0.4002(1) 0.0121(2) 
O(11) 1.0 0.0355(1) 0.0596(1) 0.7320(9) 0.0117(2) 
O(12) 1.0 0.0784(2) 0.0488(1) 0.2806(6) 0.0082(1) 
O(13) 1.0 0.2164(2) -0.0545(1) 0.2457(9) 0.0054(1) 
O(14) 1.0 0.1611(5) 0.2500 0.3751(4) 0.015(4) 
O(15) 1.0 0.0904(5) 0.2500 0.8956(1) 0.0270(3) 
O(16) 1.0 0.1067(5) 0.2500 0.6484(3) 0.035(4) 
O(17) 1.0 0.2429(4) 0.2500 0.5609(1) 0.24225(1) 
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Figure 5.6. PXRD patterns of solid solution series for Sr2-xNa2xFe5O2(PO4)5 where 0.70 
≤ x ≤ 1.75. (a) Calculated powder pattern based on single crystal structure solution; (b) x 
= 0.70; (c) x = 0.75; (d) x = 1.00; (e) x = 1.50; (f) x = 1.75. 
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Figure 5.7. PXRD patterns of samples synthesized according to the general formula Sr2-
xNa2xFe5O2(PO4)5 with x < 0.70 showing impurity peaks (marked by asterisk *). (a) 
Calculated powder pattern based on single crystal structure solution; (b) x = 0.25; (c) x = 
0.50; (d) x = 0.63.  
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Figure 5.8. PXRD patterns of samples based on two end members (x = 0 and 2) of the 
Sr2-xNa2xFe5O2(PO4)5 showing the absence of structure formation. (a) Calculated powder 
pattern based on single crystal structure solution; (b) x = 0; (c) x = 2. 
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Figure 5.9. PXRD refinements for solid solution series of Sr2-xNa2xFe5O2(PO4)5 (a) x = 0.70; (b) x = 1.00; (c) x = 1.50; (d) x = 
1.75. The black circles symbols and solid red line represent the observed and calculated patterns respectively. The difference 
curve is shown at the bottom (blue). Vertical bars indicate the expected Bragg peak positions according to the nuclear 
structure models depending on single crystals. 
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Table 5.13. Unit cell parameters from the PXRD refinements for solid solution series of 
Sr2-xNa2xF5O2(PO4)5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sr2-xNa2xFe5O2(PO4)5 
 x = 0.70 x = 1.00 
 Sr1.30(1)Na1.40(2)Fe5O2(PO4)5 SrNa2Fe5O2(PO4)5 
a, Å 28.221(1) 28.212(1) 
b, Å 6.3311(1) 6.3301(1) 
c, Å 9.7151(2) 9.7132(2) 
V, Å
3
 1735.7(2) 1734.6(2) 
Rp 0.0881 0.0924 
wRp 0.1454 0.1355 
χ2 1.552 1.315 
 x = 1.50 x = 1.75 
 Sr0.5(1)Na3Fe5O2(PO4)5 Sr0.25(1)Na3.5(2)Fe5O2(PO4)5 
a, Å 28.211(3) 28.202(1) 
b, Å 6.3296(2) 6.3292((1) 
c, Å 9.6984(1) 9.6954(1) 
V, Å
3
 1731.2(1) 1730.5(2) 
Rp 0.0995 0.0875 
wRp 0.1216 0.1214 
χ2 1.717 1.598 
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Figure 5.10. Cell volume as a function of x in Sr2-xNa2xFe5O2(PO4)5 showing the solid 
solution series (0.70 ≤ x ≤ 1.75) following the Vegards’s law. 
 
Table 5.14. Sr and Na occupancies for Sr2-xNa2xFe5O2(PO4)5 series. 
 Sr(1)/Na Sr(2)/Na Na(3) 
Wyck 4c 4c 8d 
 Sr Na Sr Na  
x= 0.70 0.84(1) 0.16(2) 0.46(1) 0.54(1) 0.35(1) 
x= 1.00 0.58(1) 0.42(1) 0.42(1) 0.58(2) 0.50(1) 
x= 1.50 0.36(1) 0.86(2) 0.14(1) 0.74(1) 0.70(1) 
x= 1.75 0.17(1) 0.83(1) 0.08(1) 0.92(1) 0.87(2) 
 
 
 
231 
 
Structurally, the Fe−O−P framework is made from five different PO4 tetrahedra 
that are corner and/or edged-shared with three different FeO6 octahedra and one FeO5 
trigonal bipyramidal unit as shown in Figure 5.4. Based on atomic assignment, Fe(2) 
forms FeO5 trigonal biprismatic (cyan color in Figure 5.11) coordination and Fe(1), Fe(3) 
and Fe(4) form FeO6 octahedral where Fe(4)O6 forms the only isolated octahedron in the 
structure (highlighted in polyhedral view in Figure 5.11a). Oct-Fe(1)O6 polyhedra share 
edges to propagate along b, and are interconnected with the tbp-Fe(2)O5 and oct-Fe(3)O6 
units through sharing corners to comprise the 2−D Fe−O sheet extending within the bc 
plane. Alternatively, one could view the sheet made of the [Fe(1)O4]∞ chains 
interconnected by the tbp-Fe(2)O5 and oct-Fe(3)O6 units notably through µ3-oxo oxygens, 
O(4) and O(14), as shown by the highlighted structure in Figure 5.11b. These sheets are 
structurally confined from one another via diamagnetic P
5+
 cations, in the form of PO4 
tetrahedral units, and through which to be connected along the a-axis (Figure 5.11c). This 
2-D arrangement of Fe‒O (Figure 5.11) is unique to iron-containing oxyanion systems 
since, as far as we know, most reported systems of this type feature 1-D or 3-D Fe‒O‒Fe 
connectivity. Further discussion of the structure pertinent to the magnetic properties is 
available in a latter section. 
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Figure 5.11. (a) 2-D sheets of Fe−O−Fe and isolated oct-FeO6 (in polyhedral drawing); 
(b) µ3-oxo connectivity, O(4) and O(14), in the Fe(1)2Fe(2) and Fe(1)2Fe(3) triangles, 
respectively; (c) [FeO4]∞ chains isolated by non-magnetic phosphate groups. 
Fe(1)−Fe(1) = 2.947(1) Å
Fe(1)−Fe(2) = 3.450(1) Å
Fe(1)−Fe(3) = 3.479(1) Å
(a)
(b)
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Temperature- and Field-Dependent Magnetization: Relevant to the magnetic 
studies of Sr1.25Na1.5Fe5O2(PO4)5, a special attention was paid to the local bond distances 
and angles with respect to the Fe
3+
 magnetic centers. Table 5.4 shows that the 
octahedrally coordinated Fe(1)−O bond distances range from 1.951(3) to 2.136(2) Å, the 
Fe(3)−O bond distances range from 1.850(4) to 2.379(5) Å and the Fe(4)−O bond 
distances range from 1.980(3) to 2.162(5) Å. The respective average distances, 2.027 Å, 
2.018 Å, and 2.011 Å, are comparable to the sum of the Shannon crystal radii
6c
 (1.995 Å) 
for a six-coordinate Fe
3+
 and O
2-
 in a high spin state. It should be mentioned that the FeO6 
octahedra are distorted with the long distances in oct-Fe(1)O6 being Fe(1)−O(5) 2.136(2) 
Å and Fe(1)−O(7) 2.130(2) Å; oct-Fe(3)O6, Fe(3)−O(1) 2.379(5) Å; and oct-Fe(4)O6, 
Fe(4)−O(9) 2.162(5) Å. Additionally, the bridging oxygen in the [Fe(1)O4]∞ chains has 
Fe−O of µ3-oxo bond lengths of 1.971(3) Å and 1.951(3) Å between Fe(1)−O(4) and 
Fe(1)−O(14), respectively, and an angle Fe(1)−O(4)−Fe(1) of 96.7(2)° and 
Fe(1)−O(14)−Fe(1) of 98.1(5)°. These smaller angles are consistent with a much 
shorter distance, 2.947(1) Å, between Fe(1) centers along the chain compared to others in 
the extended Fe−O sheets, e.g., 3.450(1) Å for Fe(1)−Fe(2) and 3.479(1) Å for 
Fe(1)−Fe(3) (Figure 5.11b). The Fe(1)−Fe(2) and Fe(1)−Fe(3) distances are longer as a 
result of the corner-sharing between their respective iron-oxide polyhedra. In any event, 
the Fe−Fe distances are too long to have significant direct magnetic exchange, but given 
the diversity of bond distances, angles, and bridging pathways, multiple super exchange 
(through oxo oxygen) and super-super exchange (through oxy oxygen) pathways can be 
expected. Based on the structural arrangement of Fe−O sheets, however, we anticipate 
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that the inter-sheet magnetic exchange interactions are weaker than the intra-sheet 
magnetic exchange interactions due to the interlinking through closed-shell, nonmagnetic 
phosphate ions. 
Temperature and field-dependent magnetization measurements of 
Sr1.25Na1.5Fe5O2(PO4)5 were performed to probe any low-dimensional magnetic 
properties related to the structural arrangement of the 2-D Fe−O sheets. Figure 5.12 
shows the molar magnetic susceptibility, χM, versus temperature, T, for the title 
compound where a ground powder of selected crystals and an applied magnetic field, H, 
of 0.5 T were employed. The susceptibility attains a maximum of 0.0376 cm
3
 mol
‒1
 at 
~27 K which is directly above the Néel temperature (TN = 20), as determined by 
d(χT)/dT. A key feature of χM is that the cusp, as seen in the inset of Figure 5.12, is broad 
suggesting that there is indeed low-dimensional
7
 AFM behavior likely a direct result of 
the 2-D Fe−O sheets being embedded in a nonmagnetic phosphate matrix. Broad cusps 
due to low-dimensional magnetic behavior have been observed in other iron-containing 
low-dimensional systems such as Fe(ND3)2PO4
7b
 and FeTa2O6.
7c
 Additionally, as seen in 
Figure 5.13, the inverse molar magnetic susceptibility, χM
‒1
, follows Curie-Weiss (C-W) 
behavior above ~30 K. From fitting the temperature range of 100-300 K to C-W law, a 
Curie constant, C, of 52.725(4) cm
3
 K mol
‒1
, a Weiss constant, θ, of ‒113.37(1) K, and 
an effective magnetic moment, μeff, of 5.79(2) μB was obtained. The μeff obtained from 
the fit is slightly smaller than the expected free ion magnetic moment of 5.91 μB 
considering a spin-only Fe
3+
 ion. The negative Weiss constant indicates that the 
predominant and local magnetic interactions between Fe
3+
 centers are AFM. 
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Interestingly enough, zero field cooling (ZFC) and field cooling (FC) 
measurements taken with an applied field of 0.5 T (Figure 5.14) show a divergence (MFC 
> MZFC) at temperatures below TN, indicating a small degree of magnetic domain 
formation (or metastability) which is atypical for a purely AFM system. To get a better 
understanding of this low-temperature behavior, field-dependent magnetization 
measurements (Figure 5.15) were taken and the results are consistent with the 
temperature-dependent susceptibility measurements. Namely, the overall features of the 
M vs. H plot are representative of AFM order and/or paramagnetic behavior in that the 
field sweeps are linear, and the slopes obtained from each field sweep are in good 
agreement with χM obtained from the corresponding temperatures in the susceptibility 
measurements. For the former, both field sweeps of 22 and 35 K are above TN and should 
therefore exhibit paramagnetic-like behavior. The field sweeps at 8 and 15 K are below 
TN and should thus be representative of AFM order. In all cases, the field sweeps at 
corresponding isotherms show linearity to 2 T with varying slopes. Since the slope of M 
versus H is equivalent to χM and the field sweeps obtained show linearity, we were able to 
compare the extracted χM from the field-dependent data to that obtained from the 
susceptibility. From the field sweeps, the slope (or χM) in units of cm
3
 mol
‒1
 for 8 K is 
0.331, for 15 K is 0.354, for 22 K is 0.373, and for 35 K is 0.364. The χM values extracted 
from the temperature-dependent susceptibility at corresponding temperatures are as 
follows: for 8 K is 0.336, for 15.6 K is 0.356, for 21.8 K is 0.373, and for 34.1 K is 0.366. 
The agreement between these values are consistent with the variations in slopes obtained 
from the various field sweeps, which help to elucidate the transition from AFM to 
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paramagnetic-like behavior when crossing the TN threshold. Unfortunately, there is little 
indication of any low-dimensional magnetic behavior from the field-dependent studies as 
any coercivity at field sweeps of 15 K and below are negligible. Originally, it was 
thought that there may be a small degree of uncompensated spins between Fe
3+
 centers 
since, as mentioned previously, there are likely a large number of potential (and 
competing) magnetic exchange pathways present in Sr1.25Na1.5Fe5O2(PO4)5. Any non-
compensation between spins could give rise to both the divergence in the ZFC/FC curves 
observed as well as signatures of low-dimensionality if the inter-sheet magnetic 
interactions are significantly weaker than the intra-sheet interactions. 
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Figure 5.12. Temperature dependence of the molar magnetic susceptibility, χM, of 
Sr1.25Na1.5Fe5O2(PO4)5 The inset shows a detail of χM in the range of 8 to 60 K.  
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Figure 5.13. Temperature dependence of the inverse molar magnetic susceptibility, χM
‒1
. 
The inset shows the range (100-300 K) of data used in the Curie-Weiss fit with 
corresponding fitted data obtained. 
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Figure 5.14. FC and ZFC measurements performed (0.5 T) showing a divergence at 
temperatures below TN.  
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Figure 5.15. Field-dependent measurements performed at isotherms of 8, 15, 22, and 35 K 
from ‒2 to 2 T. The M versus H plots show linearity as expected for antiferromagnetic and 
paramagnetic behavior.  
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Magnetic Structure Determination from NPD: The neutron powder diffraction 
data at 270 K, as shown in Figure 5.16, was refined by using EXPGIU/GSAS
6
 and it 
confirms the nuclear structure acquired by the single crystal structure solution. A 
complete structural refinement was carried out to show that the x value of Sr2-
xNa2xFe5O2(PO4)5 is 0.75, Sr1.25(1)Na1.5(2)Fe5O2(PO4)5, as expected in a stoichiometric 
synthesis. NPD refinement for 270 K data is shown in Figure 5.16. The unit cell 
parameters are given in the Table 5.15 and atomic coordinates are reported in Table 5.16, 
which are consistent with the SXRD data presented earlier. 
The temperature change from 250 to 5 K causes to change the intensities of the 
nuclear peaks possibly due to the occurrence of magnetic orderings of the system, see 
Figure 5.17. The change of the peak intensities in lower angles suggests those peaks are 
purely magnetic origin. As there are no additional peaks in the 5 K data with respect to 
the nuclear model in 270 K we can assign the same unit cell as in the refinement of 270 
K. In an attempt to index magnetic intensities using a propagation vector k = (000) was 
allowed us to assign the magnetic peaks for representation of Γmagnetic = 3Γ1 + 3Γ2 + 3Γ3 + 
3Γ4. However, due to the structural complexity (in which there are 20 Fe
3+
 sites in a unit 
cell and the Z =4), the magnetic moments for all Fe
3+
 sites were unable to refine at the 
same time to achieve a possible magnetic structure. As a result, the representational 
analysis for a magnetic atoms in the Wyckoff positions (Fe(1), 8d; Fe(2), 4c, Fe3 (4c), 
Fe4 (4c)) under the space group of Pnma could not be achieved with the propagation 
vector of k = (000). In the meantime, in an attempt to refine each of the Fe
3+
 sites 
individually proved all the magnetic moments are coupled antiferromagnetically. This 
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will further confirm our macroscopic magnetic susceptibility data as this material has an 
antiferromagnetic behavior. In order to achieve a complete picture of the magnetic 
structure we need to obtain a better data set below 5 K where these magnetic peaks 
become more intense or any additional peaks starting to appear which will allow us to 
treat the data in a different space group or in a different unit cell. In generally, magnetic 
structures for AFM phases are obtained well below temperatures ~ 1 K.  
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Figure 5.16. High resolution NPD refinements for Sr1.25Na1.50Fe5O2(PO4)5 at 270 K.  
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Figure 5.17. The differences shown by the intensity comparison between 5K and 250 K 
data suggest a possible magnetic origin in the NPD data at 5 K, see text.  
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Figure 5.18. NPD refinements for 75 K (top) and 5 K (bottom), see text. 
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Table 5.15. Unit cell parameters from the NPD refinements for Sr1.25Na1.5Fe5O2(PO4)5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Unit cell parameters obtained from NPD refinements 
T, K 250 75 5 
a, Å 28.241(6) 28.226(1) 28.224(8) 
b, Å 6.3362(1) 6.3349(1) 6.3349(1) 
c, Å 9.7237(2) 9.7116(7) 9.7124(7) 
V, Å
3
 1740.0(1) 1736.5(1) 1736.6(3) 
Rp/wRp 0.0324/0.0380 0.0525/0.0608 0.0769/0.0648 
χ2 1.105 3.073 4.774 
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Table 5.16. Atomic coordinates and equivalent displacement parameters for 
Sr1.25Na1.50Fe5O2(PO4)5 Obtained from the NPD refinements at 270 K. 
 
Atom SOF x y z U 
Sr(1) 0.79(2) 0.2707(3) 0.2500 0.3024(9) 0.2707(3) 
Na(1) 0.21(2) 0.2707(3) 0.2500 0.3024(9) 0.2707(3) 
Sr(2) 0.47(1) -0.0342(5) 0.2500 0.6078(1) -0.0342(5) 
Na(2) 0.53(2) -0.0342(5) 0.2500 0.6078(1) -0.0342(5) 
Na(3) 0.36(1) -0.0164(4) 0.060(2) -0.0303(1) -0.0164(4) 
Fe(1) 1.0 0.1475(3) 0.0174(1) 0.2566(7) 0.1475(3) 
Fe(2) 1.0 0.3448(4) -0.2500 0.4332(1) 0.3448(4) 
Fe(3) 1.0 0.16973(4) 0.2500 0.5713(1) 0.1697(4) 
Fe(4) 1.0 -0.0466(4) 0.2500 0.2551(1) -0.0466(4) 
P(1) 1.0 0.2442(7) 0.2500 0.2117(2) 0.2442(7) 
P(2) 1.0 0.3670(7) 0.2500 0.46985(1) 0.3670(7) 
P(3) 1.0 0.0477(7) 0.2500 0.2757(2) 0.0477(7) 
P(4) 1.0 0.0689(7) 0.2500 0.7525(2) 0.0689(7) 
P(5) 1.0 0.3545(7) 0.2500 0.04948(1) 0.3545(7) 
O(1) 1.0 0.2916(2) -0.2500 0.2895(6) 0.2916(2) 
O(2) 1.0 0.3392(1) 0.0593(6) 0.4187(4) 0.3392(1) 
O(3) 1.0 0.3263(1) 0.0599(6) 0.0982(4) 0.3263(1) 
O(4) 1.0 0.3461(1) -0.2500 0.6237(5) 0.3461(1) 
O(5) 1.0 0.3583(1) 0.2500 -0.1101(5) 0.3583(1) 
O(6) 1.0 0.4184(2) 0.2500 0.4193(5) 0.4184(2) 
O(7) 1.0 0.3662(1) 0.2500 0.6296(5) 0.3662(1) 
O(8) 1.0 0.0158(1) 0.2500 0.1469(5) 0.0158(1) 
O(9) 1.0 0.4058(2) 0.2500 0.1010(6) 0.4058(2) 
O(10) 1.0 0.0120(2) 0.2500 0.3958(5) 0.0120(2) 
O(11) 1.0 0.0368(1) 0.0594(6) 0.7343(4) 0.0368(1) 
O(12) 1.0 0.0780(1) 0.0490(6) 0.2799(4) 0.0780(1) 
O(13) 1.0 0.2165(1) -0.0503(6) 0.2481(4) 0.2165(1) 
O(14) 1.0 0.1603(1) 0.2500 0.3828(5) 0.1603(1) 
O(15) 1.0 0.0893(3) 0.2500 0.9000(8) 0.0893(3) 
O(16) 1.0 0.1088(3) 0.2500 0.6502(1) 0.1088(3) 
O(17) 1.0 0.24225(1) 0.2500 0.5591(5) 0.2422(1) 
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Na-Ion Battery Testing: It is important to mention that there are no other 
complex sodium containing 3-D framework has been reported so far under the category 
of sodium battery characterization as sodium ion battery research is very new among the 
scientists. Sr1.25Na1.50Fe5O2(PO4)5 was subjected to the cathode cycling in a Na half-cell. 
It is important to mention that, in this particular structure the oxidation state of iron is 
Fe
3+
 and as shown in the following equation, this material should be able to take at least 
five Na-ion to achieve fully discharge state of Sr1.25Na6.50Fe
II
5O2(PO4)5.  
 
 
The charge-discharge profiles are depicted in Figure 5.19 and the capacity up to 
ten cycles are reported in Figure 5.20. In the first discharge, it achieved almost 100 
mAh/g capacity which is ~3.5 Na-ion per formula unit. First discharge profile also shows 
a change of slope from 2.5 ~ 2.1 V to 2.0 ~ 1.2 V. After the first discharge, the material 
was charged to see any reversible Na-ion intercalation reaction. It is important to notice 
that Sr1.25Na1.50Fe5O2(PO4)5 gained ~ 100 mAh/g capacity during the first charge. As 
shown in Figure 5.20 this material can be cycled with a minimum loss of capacity up to 
ten cycles. An interesting feature is that, this material does not show a formation of solid 
electrolyte interface (SEI) during the first charging. Generally, sodium ion battery shows 
a typical consumption of organic molecules in the electrolyte and the formation of SEI 
during the first charge. However, Sr1.25Na1.50Fe5O2(PO4)5 does not show any SEI 
formation or electrolyte consumption during the first charge, it could be due to the lower 
operating voltage window is compaed to the other reported materials, 1.2 – 4.3 V.2 
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Another interesting feature is the slope of voltage profile in this material during charge-
discharge which is an indication of a facile intercalation reaction during the reversible 
cycling to achieve a reversible capacity ~ 85 mAh/g. The highest reversible capacity for 
simple oxide materials such as for Na[Ni1/3Fe1/3Mn1/3]O2 is 100 mAh/g, which is reported 
by Donghan et al.
2d
 Similarly, NaMn0.5Fe0.5PO4 and Na3V2(PO4)3
3
 show a reasonable 
reversible capacity over 100 mAh/g under high rate (C/4) of charge and discharge in the 
voltage range of 2.7-3.0 V. Compared with these reported studies, 
Sr1.25Na1.50Fe5O2(PO4)5 shows a reasonably good reversible capacity in the range of 2.5-
3.0 V. 
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Figure 5.19. Voltage profile for Sr1.25Na1.5Fe5O2(PO4)5 up to first four cycles. 
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Figure 5.20. Reversible capacity (capacity versus cycle number) for Sr1.25Na1.5Fe5O2(PO4)5 
up to first four cycles. The cell was continuously cycled up to ten cycles between 1.2 – 4.3 
V. 
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Spectroscopic and Thermal Stability Characterization: FTIR spectrum of the 
title compound is shown in Figure 5.21 (top). The dominated fundamental vibrations of 
PO4
3-
 polyanions can be observed in the spectrum as we expected.
8a
 The bands in the 
range 1200–900 cm−1 and in the range 650–440 cm−1 correspond to stretching vibrations 
and bending vibrations of the PO4 tetrahedra, respectively. 
Raman spectra of the title compound (Figure 5.22, bottom) shares similar pattern 
with the reported NASICON type materials such as A3Fe2(PO4)3 (A = Li and Na).
8b
 The 
bands in the range 1200–400 cm−1 could be due to asymmetric bending and symmetric 
bending modes of PO4 units. The bands below 400cm
-1
 may arise due to external modes 
of PO4 and FeO6 units. However due to the complex nature of the structure spectroscopic 
assignments are more difficult.  
To understand the electronic nature of the title compound UV-vis studies were 
performed (Fig. 5.22). The absorption due to the d-d transitions of Fe
3+
 ions in the tbp-
FeO5 or distorted oct-FeO6 polyhedra can be detected roughly in the range ~1-2 eV 
(~1240-620 nm). The absorption corresponding to 3 eV and beyond can be assigned to 
the LMCT originated from the PO4 groups.
8c
 
Figure 5.23 shows the TGA and DSC profile of the title compound. The 
endothermic peak ~860 °C could be due to the thermal decomposition or melting of the 
title compound. As a general feature, most of the iron phosphates framework structures 
have very high thermal stability. The weight loss is ~ 2.5% up to 860 °C which is a 
gradual loss within the measurement window. The PXRD pattern of the sample after the 
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TGA experiment shows an amorphous phase which could be due to complete 
decomposition of the sample. 
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Figure 5.21. FTIR (top) and Raman (bottom) spectra of Sr1.25Na1.5Fe5O2(PO4)5. 
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Figure 5.22. UV-vis spectrum of Sr1.25Na1.5Fe5O2(PO4)5. 
 
Figure 5.23. TGA and DSC of Sr1.25Na1.5Fe5O2(PO4)5. 
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Figure 5.24. PXRD of the Sr1.25Na1.5Fe5O2(PO4)5 after running TGA. 
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Conclusion 
A new iron oxy-phosphate structure was isolated using a molten halide flux 
media. The title compound adopts a new three-dimensional framework made of fused 
FeOn polyhedral (n = 5 and 6) and PO4 tetrahedra. The Fe−O connectivity can be best 
described as 2-D sheets that stack along bc plane while these sheets are interconnected 
via PO4 groups to provide isolated 2-D Fe−O sheets. Structurally speaking, the 2-D 
arrangement of Fe‒O in the title compound is unique since most iron-containing 
oxyanion systems exhibit 1-D or 3-D Fe‒O‒Fe connectivities. Magnetic properties of 
ground powder of selected crystals of Sr1.25Na1.5Fe5O2(PO4)5 have been characterized 
using VSM. Inverse molar magnetic susceptibility and field-dependent magnetization 
data reveals AFM behavior (TN = 20) . However, ZFC and FC measurements taken with 
an applied field of 0.5 T indicates a divergence (MFC > MZFC) at temperatures below TN 
and it is thought that this difference could be related a small degree of magnetic domain 
formation (or metastability) which is atypical for a purely AFM system. For further 
understanding, NPD experiments were performed in the zero applied magnetic field at 
250, 75 and 5 K and 5 K data reveal peak intensity change resulting from the magnetic 
ordering of the system. However, a complete picture of the magnetic structure could not 
achieve due to the structural complexity of the title compound.  
Electrochemical properties of Sr1.25Na1.5Fe5O2(PO4)5 was investigated as a 
cathode material for sodium-ion battery coupled with sodium metal anode. Regular 
charge-discharge profiles indicate the ability of sodium intercalation and de-intercalation 
to the structure. The structural feature, cycle stability and the reversible capacity are the 
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main attractive features encouraging future exploratory synthesis regarding sodium-ion 
battery materials.  
In terms of the magnetic properties, NPD is inconclusive due to the lack of better 
data. An obvious investigation would be to perform NPD below 5 K and this will allow 
us to elucidate the magnetic structure for the title compound. Further, It might be 
interesting to compare the capacities of Na-ion battery testing throughout the solid 
solution series Sr2-xNa2xFe5O2(PO4)5 (0.25 ≤ x ≤ 1.75). As already this material has a 
higher capacity compare to the other reported materials (see the Na-ion battery testing 
discussion), it would be interesting to perform the electrochemical characterizations on 
modified particles, such as carbon coated or nano-sized particles. Also, Na-ion battery 
performance would need to be explored with hard carbon as a negative electrode to 
understand Na-ion reversibility in an actual Na-ion cell. Finally, through continued 
exploration of Fe-based framework structures featuring reversible ion exchange 
capability, not only create a create a new perspective of sodium-ion batteries for future 
applications but also provide compounds containing fascinating magnetic nanostructures 
such as the 2-D Fe−O sheets in the title compound.  
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CHAPTER SIX 
CRYSTAL GROWTH AND ANOMALOUS MAGNETIC BEHAVIOR OF THE Δ-
CHAIN BASED IRON OXY-ARSENATE: A2Fe2O(AsO4)2 (A = K, Rb) 
 
Introduction 
In spite of its complexity, the study of phenomena related to low-dimensional 
magnetism has been a fertile ground for physicists and synthetic chemists for decades.
1a-f
 
As a part of this class, the oxyanion systems based on transition metal (M) oxide sub-
lattices that are magnetically isolated by closed shell nonmagnetic oxyanions (SiO4
4-
, 
PO4
3-
, AsO4
3-
) show great potential for exploring and characterizing newly emerged 
magnetic phenomena.
2a-d
 Complex magnetic anomalies of these systems such as magnetic 
frustration, step magnetization and negative magnetization have been systematically 
investigated from both fundamental and material application points of view.
3a-c
 On the 
other hand, due to their impressive structural diversity in terms of architecture these 
materials have shown potential applications in other fields such as energy storage, 
chemical sensors, catalysis and biomedical research.
3d-f 
In the search for new magnetic phenomena, negative magnetization has perplexed 
scientists over the last few decades. Goodenough and Nguyen
6
 have first explained this 
phenomenon using the concept of anomalous diamagnetism which opened up another 
research area under condensed matter physics and chemistry. Further, Goodenough and 
Nguyen determined that anomalous diamagnetism is a result of the competition between 
the ferromagnetic and antiferromagnetic component in a canted antiferromagnetic system 
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at a particular temperature.
6
 In order to explain this phenomenon, Goodenough and 
Nguyen used the Dzyaloshinsky vectors which explain the anti-symmetric interactions in 
a canted system. They suggested, near the TN of a system Dzyaloshinsky vectors can 
undergo a first order transition which creates a canted spin component in a direction 
opposite to the applied magnetic field resulting in a total negative magnetization.
6
 In a 
simple manner, ferrimagnetic materials which contain two or more different types of 
magnetic ions, or one magnetic ion positioned at different crystallographic sites (different 
magnetic sub-lattices with unequal values of magnetization) can produce the negative 
magnetization due to partial cancellation of antiferromagnetic coupling between the two 
sites. Additionally, due to the strong single-ion magnetic anisotropy, the direction of the 
magnetization is fixed along a particular crystallographic axis. These 
antiferromagnetically coupled sub-lattices can generate unequal values of magnetization 
with the change of temperature where an important phenomenon of magnetization 
reversal (MR) or negative magnetization can be observed. Additionally, the temperature 
at which the magnetization reaches zero is named as the compensation point, To. This 
temperature induced negative magnetization phenomena is mainly restricted to 
ferrimagnets and some other layered ruthenates, vanadates (RVO3 compounds, R=La, 
Nd, Sm, Gd, Er, and Y), manganites and some double perovskites such as 
LaSrCoRuO6.
7a-f
 In all above cases, the negative magnetization is a result of the unequal 
magnetic sub-lattices. For example, in LaSrCoRuO6, the negative magnetization is due to 
the presence of two unequal magnetic sub-lattices, Ru and Co.
8a,b
 Furthermore, the 
microscopic understanding of novel magnetic phenomenon such as the negative 
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magnetization can be effectively utilized to tailor the magnetic properties for various 
device applications such as magnetic memories, thermo magnetic switches and magnetic 
cooling/heating devices.
7a-f 
These fascinating phenomena motivate us to investigate a family of magnetic 
insulators that contain pseudo one-dimensional magnetic chains. A2Fe2O(AsO4)2 (A = 
K and Rb) was first reported by Chang et al employing hydrothermal methods.
9
 These 
compounds exhibit intriguing one-dimensional triangular-shaped chains (Δ-chains or 
sawtooth-chain) made of edge-sharing distorted FeO6 octahedra. The chains are 
isolated by the non-magnetic poly-anion groups to give confined frustrated magnetic 
lattices. This chapter mainly focuses on the magnetic characterization of the oxy-
arsenate, Rb2Fe2O(AsO4)2, containing Δ-chains of magnetic Fe
3+
 ions in a high-spin 
state S = 5/2. For the first time, the K- and Rb-containing phases were synthesized 
using high-temperature molten-salt methods. The use of flux allowed reasonably 
sizable single crystals to be grown, as shown in Figures 6.1 and 6.2. Polycrystalline 
samples were also synthesized using a high-temperature, solid-state reaction. The 
magnetic properties show interesting magnetic anomalies such as temperature induced 
magnetization reversal and step-like magnetization behavior. Temperature and field 
dependent neutron diffraction measurements demonstrate conclusively the development 
of an antiferromagnetic ground state below approximately 25 K, which, under 
relatively low magnetic fields, transforms to a ferrimagnetic state. 
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Synthesis and Characterization 
Synthesis of Single Crystals of A2Fe2O(AsO4)2, Where A = K and Rb: Single 
crystals of A2Fe2O(AsO4)2 were grown using flux methods. The reactants, using as-
purchased KO2 (Alfa, 96.5%), Fe2O3 (Alfa Aesar, 99.945%) and As2O5 (Alfa Aesar, 
99.9%), were mixed together with the flux of KCl/KI (50:50 wt%) for K2Fe2O(AsO4)2 
and RbCl/RbI (50:50 wt%) for Rb2Fe2O(AsO4)2. The reaction mixture was ground in a 
nitrogen-purged dry box and sealed in an evacuated fused-silica ampoule. The reaction 
was heated to 650 °C at 1 °C min
–1
, held at 650 °C for one day, heated to 800 °C at 1 °C 
min
–1
, held at 650 °C for two days, slowly cooled to 300 °C at 0.1 °C min
-1
, followed by 
furnace-cooling to room temperature. Approximately 0.2 g of the oxides were mixed in a 
1 : 1 : 1 molar ratio with 0.6 g of the corresponding fluxes. The brown column crystals 
were recovered by washing the product with de-ionized water while using the vacuum 
filtration method. Sizable single crystals, ~ 3 mm in size (for the largest dimension), of 
title compounds can be grown employing slower cooling rate at 0.05 °C min
–1
 from 800 
°C to 300 °C and employing a 1 : 9 ratio by weight between reactants and the flux. 
Additionally, crystal growth can be achieved using a polycrystalline sample of 
A2Fe2O(AsO4)2, where A = K and Rb, with the corresponding flux using a similar 
temperature program as mentioned earlier. Synthesis of the chromium containing 
derivatives, A2Cr2O(AsO4)2 series, where A = K and Rb were also performed using a 
high temperature solid state reaction; the results of which will be given at the end of this 
chapter. 
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Stoichiometric Synthesis of A2Fe2O(AsO4)2, Where A = K and Rb: 
K2Fe2O(AsO4)2 was prepared by weighing and mixing K2CO3 (Alfa Aesar, 99.8%), 
Fe2O3 (Alfa Aesar, 99.945%) and (NH4)H2AsO4 (Alfa Aesar, 99.9%) powder in a 
nitrogen-purged dry box. The mixture was loaded into an alumina crucible, heated to 800 
°C at a rate of 2 °C min
-1
, and held at that temperature for 2 days before being furnace 
cooled to room temperature. Similarly Rb2Fe2O(AsO4)2 was synthesized using a mixture 
of Rb2CO3 (Alfa Aesar, 99.8%), Fe2O3 (Alfa Aesar, 99.945%) and (NH4)H2AsO4 (Alfa 
Aesar, 99.9%) applying the same heating program. 
Single Crystal X−ray Diffraction (SXRD): Single crystals were physically 
examined and selected under an optical microscope equipped with a polarizing light 
attachment. The crystals were then mounted on a glass fiber and data was collected using 
a Rigaku Mercury CCD detector on an AFC-8S diffractometer equipped with graphite 
monochromatic Mo Kα radiation (λ = 0.71073 Å). The structure was solved by direct 
methods using the SHELEX-97
10
 program and refined on F
2
 by least-squares, full-matrix 
techniques. Table 6.1 reports the crystallographic data of the title compounds and the 
atomic parameters while selected bond distances and angles are given in Tables 6.2-6.5. 
SXRD was also used to determine the axis of the single crystals using axial images. The 
axil images are shown in Figure 6.3. 
SEM and EDX Analysis of Single Crystals: Elemental mapping on single 
crystals of both Rb and K derivatives were performed using scanning electron 
microscopy (SEM). The chemical contents for this study are verified via semi-
quantitative elemental analysis by the energy dispersive X-ray (EDX) spectroscopy using 
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a Hitachi S-3400 scanning electron microscope (SEM, Figures. 6.1 and 6.2) equipped 
with an OXFORD EDX microprobe.  
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Figure 6.1. Elemental analysis of K2Fe2O(AsO4)2 single crystals (top); SEM image of 
the single crystal and elements as mapped (bottom). 
K As
Fe
O
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Figure 6.2. Elemental analysis of Rb2Fe2O(AsO4)2 single crystals (top); SEM image of 
the single crystal and elements as mapped (bottom). 
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Powder X-Ray Diffraction: All the polycrystalline samples were characterized 
by powder X-ray diffraction (PXRD) method using Rigaku Ultima IV multipurpose X-
ray diffraction system. The sample was examined in the 2θ range of 5– 65° with a 0.02 
step size with the scan speed of 0.1 steps per second (~10 hrs scan per sample), Figures 
6.5 and 6.6.  
High Resolution Synchrotron Powder X-Ray Diffraction: High resolution 
synchrotron powder diffraction of Rb2Fe2O(AsO4)2 was collected using beamline 11-BM 
at the Advanced Photon Source (APS), Argonne National Laboratory. The average 
wavelength of the X-ray beam is 0.413948 Å. The sample was scanned over a 34º 2 
range, with data points collected every 0.001º 2 and scan speed of 0.01º/s, Figure 6.7. 
Rietveld refinement was performed using FullProf
13a
 and the unit cell parameters, and the 
atomic coordination are given in Tables 6.5 and 6.6. 
Temperature, Field-Dependent Magnetic Measurements and Heat Capacity 
Measurements: Temperature and field-dependent magnetic measurements of the title 
compounds were carried out by a Quantum Design SQUID MPMS-5S magnetometer. 
The measurements were taken from 2 K to 300 K in the applied magnetic field of up to 5 
T. The magnetic susceptibility was corrected for the gel capsule and core diamagnetism 
with Pascal constants. Crystals having a flat columnar shape were selected and optically 
aligned along the b-axis in a parallel direction to the applied magnetic field (Figure 6.3). 
Due to the small crystal size, an assembly of multiple crystals was used. The heat 
capacity at constant pressure (Cp) was measured in the temperature range of 2–300 K and 
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Figure 6.3. Axial images determined from SXRD (top) b-axis; (bottom) a-axis. 
in the absence of a field using a physical property measurement system (PPMS, Quantum 
Design).  
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Neutron Powder Diffraction (NPD): NPD patterns were collected using HB-2A 
high resolution neutron powder diffractometer at the High Flux Isotope Reactor in Oak 
Ridge National laboratory (Figure 6.4).
12
 NPD was conducted using two different 
wavelengths of λ = 1.5401 Å and λ = 2.4081 Å. Wavelengths of λ = 1.5401 Å was used 
to achieve the nuclear structure at 40 K. The shorter wavelength covers a large Q range 
(0.35-7.9 Å with an n° flux of 1 x 10
7
 n/cm
2
 s) with a great intensity and a Ge(115) 
monochromator was utilized with the shorter wavelength without a collimation. A 
wavelength of λ = 2.408 Å was used to analyze the magnetic structure at 4 K. This 
wavelength covers a shorter Q range (0.2-5.1 Å with an n° flux of 5.2 x 10
6
 n/cm
2
 s) but 
with a greater resolution than in shorter wavelength. A longer wavelength was employed 
with a Ge(113) monochromator and a 12ʹ-31ʹ-6ʹ collimation. Rietveld refinement was 
performed using FullProf
13a
 and the magnetic structural representation analysis was 
performed using SARAh.
13b
 Additionally, for NPD measurements 5 g of powder sample 
was used in an aluminum container as shown in Figure 6.4. Here the sample was cold 
pressed in to pellets to prevent the dispersion due to the applied magnetic field. 
Measurements were conducted from 4-40 K with and without an applied magnetic field. 
A magnetic field up to 4 T was used in this measurement. 
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Figure 6.4. HB-2A high resolution neutron powder diffractometer at the High Flux 
Isotope Reactor at Oak Ridge National Laboratory (top); cold pressed pellets of 
Rb2Fe2O(AsO4)2 with the aluminum sample holder (bottom). 
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Table 6.1 Crystallographic data for A2Fe2O(AsO4)2. 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.0557P)
2
 + 0.813 P] for 1, w = 1 / [σ2(Fo2) + (0.0651P)2 + 7.4368 P] for 2. 
 
 
 
 
 
 
 
 
empirical formula K2Fe2O(AsO4)2, 1 Rb2Fe2O(AsO4)2, 2 
FW 483.74 576.48 
crystal system orthorhombic orthorhombic 
crystal dimension, mm 0.16  0.11 0.09 0.22  0.10  0.08 
space group, Z Pnma (No. 62), 4 Pnma (No. 62), 4 
T, °C 27 27 
a, Å 8.5169.(2) 8.5331(2) 
b, Å 5.7577(1) 5.7892(2) 
c, Å 17.935(4) 18.611(4) 
V, Å
3 
879.5(3) 919.4(3) 
μ (Mo Kα), mm-1 11.740 20.845 
dcalc, g cm
-3
 3.653 4.165 
data/restraints/parameters 866/0/86 894/0/86 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0268/0.0714/1.096 0.0347/0.0936/1.038 
largest diff. peak/hole, e/ Å
3
 1.191/-1.448 3.599/-2.333 
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Table 6.2. Atomic parameters for A2Fe2O(AsO4)2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Atom Wyck. x y z 
K2Fe2O(AsO4)2 
K(1) 4c 0.9004(1) 1/4 0.8670(6) 
K(2) 4c 1.0434(1) -1/4 0.7337(7) 
Fe(1) 4c 0.7146(7) -1/4 0.5669(3) 
Fe(2) 4b 1.0000 0 1/2 
As(1) 4c 0.8174(5) 1/4 0.6476(2) 
As(2) 4c 0.6756(5) 1/4 0.4410(2) 
O(1) 4c 1.0585(4) 1/4 0.4343(1) 
O(2) 4c 0.9560(4) 1/4 0.5775(1) 
O(3) 8d 0.7671(2) 0.0078(3) 0.4753(1) 
O(4) 4c 0.4920(4) 1/4 0.4748(1) 
O(5) 8d 0.6994(3) 0.0129(4) 0.6377(1) 
O(6) 4c 0.6796(4) 1/4 0.3487(1) 
O(7) 4c 0.9140(4) 1/4 0.7266(1) 
Rb2Fe2O(AsO4)2 
Rb(1) 4c 0.8888(1) 1/4 0.8628(5) 
Rb(2) 4c 1.0379(1) -1/4 0.7321(6) 
Fe(1) 4c 0.7156(1) -1/4 0.5653(6) 
Fe(2) 4b 1.0000 0 1/2 
As(1) 4c 0.8204(1) 1/4 0.6426(4) 
As(2) 4c 0.6758(1) 1/4 0.4440(4) 
O(1) 4c 1.0580(1) 1/4 0.4375(3) 
O(2) 4c 0.9610(1) 1/4 0.5760(3) 
O(3) 8d 0.7666(4) 0.0108(4) 0.4785(2) 
O(4) 4c 0.4923(2) 1/4 0.4744(4) 
O(5) 8d 0.7043(2) 0.0127(4) 0.6338(2) 
O(6) 4c 0.6843(4) 1/4 0.3556(3) 
O(7) 4c 0.9130(5) 1/4 0.7197(3) 
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Table 6.3. Anisotropic thermal parameters (Å
2
) for A2Fe2O(AsO4)2. 
 
 
 
 
 
 
Atom U11 U22 U33 U12 U13 U23 
K2Fe2O(AsO4)2, 1 
K(1) 0.0315(6) 0.0316(7) 0.0168(6) 0.0155(5) 0.00000 0.0050(4) 
K(2) 0.0217(6) 0.0267(7) 0.0412(7) 0.0243(6) 0.00000 0.0074(5) 
Fe(1) 0.0067(6) 0.0049(3) 0.0099(4) 0.0116(4) 0.00000 0.0007(2) 
Fe(2) 0.0097(6) 0.0065(3) 0.0065(4) 0.0112(4) -0.0003(2) 0.0013(2) 
As(1) 0.0161(5) 0.0102(3) 0.0089(3) 0.0073(3) 0.00000 0.00079(1) 
As(2) 0.0090(5) 0.0054(3) 0.0083(3) 0.0093(3) 0.00000 -0.00125(1) 
O(1) 0.0100(3) 0.0057(1) 0.0076(1) 0.0090(1) 0.00000 0.0017(1) 
O(2) 0.0100(3) 0.0091(1) 0.0113(1) 0.0106(1) 0.00000 0.0022(1) 
O(3) 0.0101(1) 0.0063(1) 0.0090(9) 0.0149(1) 0.0004(7) -0.0007(1) 
O(4) 0.0090(3) 0.0063(1) 0.0171(1) 0.0181(1) 0.00000 -0.0016(1) 
O(5) 0.0180(1) 0.0169(1) 0.0087(1) 0.0170(1) -0.0032(8) 0.0075(1) 
O(6) 0.0280(3) 0.0219(1) 0.0242(1) 0.0083(1) 0.00000 -0.0004(12) 
O(7) 0.0190(4) 0.0248(1) 0.0400(2) 0.0098(1) 0.00000 -0.0069(13) 
Rb2Fe2O(AsO4)2, 2 
Rb(1) 0.0385(6) 0.0150(5) 0.0163(5) 0.00000 0.0071(4) 0.00000 
Rb(2) 0.0277(6) 0.0297(6) 0.0273(6) 0.00000 0.0094(4) 0.00000 
Fe(1) 0.0047(6) 0.0094(6) 0.0134(6) 0.00000 0.0002(4) 0.00000 
Fe(2) 0.0077(6) 0.0062(6) 0.0115(6) -0.0005(4) 0.0004(4) 0.0003(4) 
As(1) 0.0121(5) 0.0094(5) 0.0075(5) 0.00000 0.0009(3) 0.00000 
As(2) 0.0060(5) 0.0085(5) 0.0100(5) 0.00000 -0.0010(3) 0.00000 
O(1) 0.008(3) 0.011(3) 0.007(3) 0.00000 0.002(2) 0.00000 
O(2) 0.006(3) 0.010(3) 0.014(3) 0.00000 0.002(2) 0.00000 
O(3) 0.0074(1) 0.0080(1) 0.016(2) 0.0010(1) -0.0011(1) 0.0018(1) 
O(4) 0.004(3) 0.019(3) 0.023(3) 0.00000 -0.005(2) 0.00000 
O(5) 0.0142(1) 0.010(2) 0.019(2) -0.0003(1) 0.0081(1) -0.0026(1) 
O(6) 0.020(3) 0.024(4) 0.010(3) 0.00000 0.001(2) 0.00000 
O(7) 0.029(4) 0.033(4) 0.011(3) 0.00000 -0.006(3) 0.00000 
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Table 6.4. Selected bond distances and angles for A2Fe2O(AsO4)2. 
(a) 1.5-x, 0.5+y, 0.5+z; (b) 1.5-x, -y, 0.5+z; (c) 1.5-x, 1-y, 0.5+z; (d) 0.5+x, 0.5-y, 1.5-z; 
(e) 0.5+x, y, 1.5-z; (f) 2-x, -y, 1-z; (g) x, -1+y, z; (h) 0.5+x, -0.5-y, 1.5-z; (i)  1-x, -y, 1-z; 
(j) x, -0.5-y, z; (k) 1.5-x, -y, -0.5+z; (l) -0.5+x, y, 1.5-z; (m) 2-x, -0.5+y, 1-z; (n) 2-x, 
0.5+y, 1-z; (0) x, 0.5-y, z; (p) x, 1+y, z; (q) 1.5-x, 1-y, -0.5+z. 
 
 
 
 
 
 
 
Fe(1)O6 Fe(2)O6 
 1 2  1 2 
Fe(1)−O(1)f 1.932(6) Å 1.932(6) Å Fe(2)−O(1) 1.925(4) Å 1.922(4) Å 
Fe(1)−O(3) 2.258(4) Å 2.254(4) Å Fe(2)−O(1)f 1.925(4) Å 1.922(4) Å 
Fe(1)−O(3)j 2.258(4) Å 2.254(4) Å Fe(2)−O(2)f 2.036(4) Å 2.051(4) Å 
Fe(1)−O(4) 1.913(4) Å 1.923(4) Å Fe(2)−O(2) 2.036(4) Å 2.051(4) Å 
Fe(1)−O(5)i 1.980(6) Å 1.986(6) Å Fe(2)−O(3) 2.033(4) Å 2.032(4) Å 
Fe(1)−O(5) j 1.980(4) Å 1.986(4) Å Fe(2)−O(3)f 2.033(4) Å 2.032(4) Å 
As(1)O4 As(2)O4 
 1 2  1 2 
As(1)−O(2) 1.724(2) Å 1.726(2) Å As(2)−O(3)a 1.712(2) Å 1.711(2) Å 
As(1)−O(5) 1.705(2) Å 1.702(2) Å As(2)−O(3) 1.712(2) Å 1.712(2) Å 
As(1)−O(5) 1.705(2) Å 1.702(2) Å As(2)−O(4) 1.677(2) Å 1.665(2) Å 
As(1)−O(7) 1.638(2) Å 1.637(2) Å As(2)−O(6) 1.656(2) Å 1.648(2) Å 
 1 2 
Fe(1)
j−O(3)−Fe(2)f 91.18(1)° 91.56(1)° 
Fe(1)−O(3)−Fe(2) 91.18(1)° 91.56(1)° 
Fe(2)
f−O(2)−Fe(2) 89.99(1)° 89.77(1)° 
Fe(2)−O(1)−Fe(2)n 96.80(1)° 97.73(1)° 
Fe(1)
f−O(1)−Fe(2) 105.45(1)° 105.91(1)° 
Fe(1)
f−O(1)−Fe(2)n 105.45(1)° 105.91(1)° 
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Figure 6.5. Calculated and observed powder patterns of K2Fe2O(AsO4)2. 
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Figure 6.6. Calculated and observed powder patterns of Rb2Fe2O(AsO4)2. 
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Figure 6.7. X-ray powder diffraction pattern showing Rietveld refinement of Rb2Fe2O(AsO4)2. 
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Table 6.5 Crystallographic data for Rb2Fe2O(AsO4)2 obtained from both SXRD and 
PXRD for a comparison. 
 
 
 
 
 
 
 
 
 
 
 Rb2Fe2O(AsO4)2 
 SXRD PXRD 
crystal system orthorhombic orthorhombic 
morphollogy Single crystals, brown Powder, brown 
space group, Z Pnma (No. 62), 4 Pnma (No. 62), 4 
T, °C 27 27 
a, Å 8.5331(2) 8.5347(2) 
b, Å 5.7892(2) 5.7901(2) 
c, Å 18.611(4) 18.618(4) 
V, Å
3 
919.4(3) 920.05(3) 
dcalc, g cm
-3
 4.165 4.1651 
Rp/wRp/χ2 0.0347/0.0936/1.038 0.0748/0.1120/1.620 
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Table 6.6 Atomic coordinates and the thermal parameters obtained from the Rietveld 
refinement of Rb2Fe2O(AsO4)2. 
 
Results and Discussion 
Synthesis and Crystal Sstructures: The A2Fe2O(AsO4)2 (A = K and Rb) series 
was first reported by Chang et al, in 1997.
9
 The K- and Rb-containing phases were 
synthesized using a hydrothermal reaction at high temperature (800 °C) by employing 
stoichiometric amounts of K2HAsO4 (or Rb2HAsO4) and Fe2O3. In terms of property 
studies, Mossbauer and magnetic susceptibility measurements were performed. The 
magnetic property studies were limited by the lack of sizeable single crystals. Here we 
synthesized the A2Fe2O(AsO4)2 (A = K and Rb) series using a high-temperature, flux 
growth technique which allowed us to grow relatively large single crystals in very high 
yields.  
A detailed structural description is also available in Ref. 9, therefore this chapter 
avoids the detailed discussion of K and Rb connectivity and coordination geometry. Also, 
Atom Wyck. x y z U 
Rb(1) 4c 0.8861(2) 1/4 0.8625(4) 0.0209(2) 
Rb(2) 4c 1.0382(2) -1/4 0.7320(4) 0.0255(3) 
Fe(1) 4c 0.7164(1) -1/4 0.5657(6) 0.0069(3) 
Fe(2) 4b 1.0000 0 1/2 0.0067(3) 
As(1) 4c 0.8200(2) 1/4 0.6427(5) 0.0064(2) 
As(2) 4c 0.6756(2) 1/4 0.4443(4) 0.0050(2) 
O(1) 4c 1.0608(5) 1/4 0.4375(2) 0.0019(1) 
O(2) 4c 0.9606(5) 1/4 0.5764(2) 0.0049(1) 
O(3) 8d 0.7645(4) 0.0106(5) 0.4783(1) 0.0084(9) 
O(4) 4c 0.4878(5) 1/4 0.4751(2) 0.0144(1) 
O(5) 8d 0.7026(3) 0.0130(5) 0.6328(1) 0.0105(9) 
O(6) 4c 0.6844(5) 1/4 0.3562(2) 0.0043(1) 
O(7) 4c 0.9151(5) 1/4 0.7196(2) 0.0197(1) 
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for simplicity, the discussions concerning connectivity and parameters (bond distances 
and angles) pertinent to the magnetic properties will be given based on the structure of 
the Rb-derivative. Iron(III), d
5
 is the magnetic ion in this structure, carries five unpaired 
electrons in high spin configuration with S = 5/2. There are two crystallographically 
distinct iron sites which adopt octahedral geometry. The oct-Fe(2)O6 units form [FeO4]∞ 
chains along the b-axis via edge-sharing whereas the oct-Fe(1)O6 share µ3-oxo 
connectivity all together to form the pseudo one-dimensional [Fe4O14]∞ chains (Figure 
6.9). Further, oct-Fe(1)O6 and oct-Fe(2)O6 arrange in a triangular lattice as shown in 
Figures 6.9 and 6.10 with a Fe(1)−Fe(2) and Fe(2)−Fe(2) of 3.076(3) Å and 2.895(3) Å, 
respectively, to form corner-shared Fe3 isosceles triangles (Figure 6.10) of two Fe(2) and 
one Fe(1). The corresponding FeO6 octahedra are connected via three basal oxygen 
atoms, O(1) and 2 x O(3) (Figures 6.9 and 6.10), for Fe(1) and Fe(2), but two, O(1) and 
O(3) for Fe(2) and Fe(2). In a simple manner, oct-Fe(1)O6 are connected to [FeO4]∞ 
chains in an alternating fashion of one above and one below the chain to give a saw-tooth 
chain or Δ-chains of Fe magnetic lattice, Figure 6.9. These chains are structurally 
confined from one another via diamagnetic As
5+
 cations, in the form of AsO4 tetrahedral 
units, as shown in Figure 6.8, and further spaced by the Rb
+
 cations as the parallel chains 
stacked along the c-direction (Figure 6.8). These Fe−O−As slabs (Figure 6.8 bottom) 
along the ab plane are completely separated from one another by electropositive cations, 
Rb
+
 in this case, by minimizing possible magnetic super super-exchange pathways 
between the layers. Due to the non-magnetic nature of As
5+
 cations, the magnetic 
interactions between [FeO4]∞ chains via Fe−O−As−O−Fe connection within the ab plane 
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is likely to be less compared to those within the [FeO4]∞ chains. This would lead to a 
low-dimensional magnetic behavior in Rb2Fe2O(AsO4)2. The Fe(2)−O(1)−Fe(2) and 
Fe(2)−O(2)−Fe(2) angles through the bridging oxygen atoms in the [FeO4]∞ chains are 
97.73(3)º and 89.77(7)º respectively. The Fe(1)−µ3,O(1)−Fe(2) and Fe(1)−µ2,O(3)−Fe(2) 
angles between the [Fe(2)O4]∞ chain and Fe(1)O6 are 105.91(1)º and 91.56(6)º 
respectively. Another notable feature is the elongated Fe−O bonds in oct-Fe(1)O6 units, 
where Fe(1)−O(3) is 2.254(4) Å, indicating a distortion from the regular FeO6 octahedral 
geometry. These features could lead to more prominent magnetic interactions within the 
[FeO4]∞ chains. Nevertheless, given the structurally isolated [Fe4O14]∞ magnetic chains, 
Rb2Fe2O(AsO4)2 is expected to exhibit dimensionality reduced magnetic behavior.  
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Figure 6.8. Polyhedral view of the extended structure of Rb2Fe2O(AsO4)2 showing the 
structural confinement of the chains (top); partial structure of the Fe−O−As layer 
showing structurally confined Fe−O−Fe Δ-chain via diamagnetic As5+ cations, in the 
form of AsO4 tetrahedral units (bottom).  
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Figure 6.9. Partial structure of the [Fe4O14]∞ Δ-chain (bottom) showing the two 
crystallographically distinct Fe
3+
 sites that are linked together via µ2 and µ3 oxygen 
atoms. The Fe centers form a triangular based magnetic lattice, depicted by dashed grey 
lines. The nearest neighbor distances for Fe(1)−Fe(2) and Fe(2)−Fe(2) are 3.076(3) Ǻ 
and 2.895(3) Ǻ, respectively, forming nonequivalent exchange pathways within the 
chain. 
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Figure 6.10. Fe3 isosceles triangles made from two Fe(2) and one Fe(1).  
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Magnetic Properties: The temperature dependence of the magnetic susceptibility 
for Rb2Fe2O(AsO4)2 was measured in applied fields of 0.01 T (Figure 6.11 inset) and 0.5 
T (Figure 6.12). The least squares fit of the high-temperature (50-300 K) data to the 
Curie-Weiss equation, χ = C/(T-θ), where C is the Curie constant, T is temperature (K), 
and θ is the Weiss constant, yielded the best-fit values of C = 4.02(2) emu K/mol of 
Fe
3+and θ = -403.1(6) K. The calculated spin-only value, µcalc 5.7(5) µB is close to the 
expected spin-only value for high spin d
5, 5.9 μB. The negative Weiss constant, θ, 
suggests the antiferromagnetic coupling between the nearest neighbors at high 
temperatures, which is a common indication with magnetically frustrated geometry of the 
magnetic ions as shown in Figure 6.10. The χM vs. T curve at 100 Oe indicates a magnetic 
transition starting at ~ 30 K (T1) and reaching a maximum at ~ 22 K (T2). It is followed 
by a significant decrease in molar susceptibility indicating antiferromagnetic interactions 
between the nearest neighbors. This is further supported by the χT vs. T plot. The sharp 
rise in χM also indicate long-range magnetic order at lower temperatures in 
Rb2Fe2O(AsO4)2. Particularly, AFM behavior is possible due to the presence of 
crystallographically different magnetic ions in the structure as previously discussed in 
Ref. 9 and, additionally, RbNa3Fe7(PO4)6,
3
 SrFe3O(PO4)3 and Li2FeP2O7 are few other 
structures that show similar behavior.
14
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Figure 6.11. Temperature-dependent magnetic susceptibility of Rb2Fe2O(AsO4)2, χT vs. 
T at 0.01 T, on ground powder of selected single crystals showing a ferromagnetic 
transition at T1 (30 K); inset; χM vs. T at 0.01 T. 
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Figure 6.12. Temperature-dependent magnetic susceptibility of Rb2Fe2O(AsO4)2, χT vs. 
T at 0.5 T, on ground powder of selected single crystals showing a ferromagnetic 
transition at lower temperatures. 
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The ferro- or ferri-magnetic component was further investigated using field-
dependent magnetic measurements at temperatures below the transition temperature, TN = 
22 K, on a ground sample of single crystals of Rb2Fe2O(AsO4)2. The magnetization 
curves of ground single crystals are shown in Figure 6.13. The hysteresis in the 
magnetization data elaborates the presence of ferro- or ferri-magnetic component of the 
system. Furthermore, the magnetization curve does not reach the full saturation even for 
the highest applied field of 12 T, as shown in Figure. 6.14. Additionally, the orientation-
dependent M vs. H measurements on aligned single crystals is shown in Figure 6.15. 
Here single crystals of Rb2Fe2O(AsO4)2 were optically aligned along the b-axis (longest 
direction of the columnar crystals as shown in Figure 6.3), which is along the Fe–O–Fe 
chain and parallel to the direction of the applied magnetic field. As observed, these data 
show step variations in the hysteresis. These steps are possibly due to a sudden change of 
direction of the spins. This type of field induced magnetic transitions could be associated 
with interesting structural features associated with Rb2Fe2O(AsO4)2, including 1) 
geometrically frustrated triangles of Fe; 2) the shortened Fe−Fe distance between oct-
Fe(1)O6 and oct-Fe(2)O6; 3) or uniaxial property of Fe
3+
magnetic moments. Additionally, 
these step variations are more prominent in the measurements where the single crystals 
are aligned, possibly due to the magnetic anisotropy of the system. However, field-
dependent studies perpendicular to b-axis have not been performed in order to determine 
the overall magneto-anisotropy of the system.  
In a similar fashion, field-dependent measurements were performed on the 
K2Fe2O(AsO4)2 system along the b-axis to see any step variations. As shown in Figure 
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Figure 6.13. Hysteresis loops of magnetization (M) vs. applied field (H) on ground 
single crystals of Rb2Fe2O(AsO4)2 in 2, 5, 10 and 20 K. (inset) Zoomed in view showing 
the step-like features. 
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6.16, K2Fe2O(AsO4)2 also shows the step variations in M vs H curves. It is noteworthy 
that the steps are sharper than that of Rb2Fe2O(AsO4)2 which could be due to the 
prominent uniaxial property of Fe
3+
 magnetic moments of K2Fe2O(AsO4)2 resulting from 
the smaller unit cell compared to Rb2Fe2O(AsO4)2. 
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Figure 6.14. M vs. H curve for Rb2Fe2O(AsO4)2 at 4 K and 300 K measured up to 12 T 
to observe the saturation magnetic field.  
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Figure 6.15. Hysteresis loops of magnetization (M) vs. applied field (H) on aligned 
single crystals of Rb2Fe2O(AsO4)2 at 2, 10, 20 and 30 K. The inset shows the zoomed in 
view showing the step-like features. 
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Figure 6.16. Hysteresis loops of magnetization (M) vs. applied field (H) on aligned 
single crystals of K2Fe2O(AsO4)2 at 2, 5, 10 and 20 K. The inset shows the zoomed in 
view showing the step-like features. 
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Magnetic susceptibility measurements of Rb2Fe2O(AsO4)2 were also performed in 
the zero field cooling (ZFC) and field cooling (FC) modes on ground single crystals and 
aligned single crystals between the 2-50 K temperature window. Figure 6.17 shows the 
FC and ZFC of the ground single crystals in the applied fields of 0.0001, 0.005, 0.01 and 
0.025 T. The magnetization of the FC and ZFC largely depends on the applied magnetic 
field. Surprisingly, at very low applied magnetic fields, 0.0001 T on ground single 
crystals (Figure 6.17) and 0.001 T on aligned single crystals (Figure 6.18) the net 
magnetization is negative throughout the temperature window of 2-50 K. Starting from 
0.005 T, the net magnetization in the FC for the ground single crystals, switches from 
negative to positive with a maximum around ~22 K. At the same magnetic field for ZFC, 
the magnetization increases rapidly from a paramagnetic region to a ferromagnetic region 
and reaches a maximum ~22 K. Below ~22 K, the magnetization decreases 
monotonously, crosses zero at ~21 K (compensation point, T0) and becomes negative 
until a minima is reached at ~20 K. Upon decreasing the temperature further, the 
magnetization remains negative but approaches very close to zero. Similar type of 
behavior can be observed up to a 0.1 T applied magnetic field for ZFC, as shown by the 
results of aligned single crystals (Figure 6.18). It is important to mention that, the 
disappearance of the negative magnetization in ZFC (Figure 6.19) at higher magnetic 
fields ≥ 0.1 T. The difference between the FC and the ZFC measurements due to the fact 
that, in the FC the net magnetic moments are preferentially oriented in the direction of the 
applied magnetic field, while in the ZFC the magnetic moments are randomly distributed 
with decreasing temperature. In a small applied field after the ZFC it will be hard to 
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realign these randomly distributed moments. As mentioned in the introduction of this 
chapter, the negative magnetization in FC and ZFC has been observed in the RVO3 
compounds (R=La, Nd, Sm, Gd, Er, and Y) and LaSrCoRuO6 where the negative 
magnetization is the result of two different magnetic ions in the crystal structure. 
Furthermore, temperature induced magnetization reversal phenomena can be observed 
when two antiferromagnetically coupled magnetic sub-lattices possess different 
magnitudes of magnetic moments and/or different temperature dependence of 
magnetization. Similar scenario can be occurred in this system as Rb2Fe2O(AsO4)2 carries 
two non-equivalent sites of Fe
3+
 and are exposed to different molecular fields.  
Additionally, FC and ZFC measurements were conducted with a 0.5 T applied 
magnetic field for both ground single crystals and aligned single, Figure 6.19. Compared 
to the FC and ZFC in 0.1 T, the divergence between FC and ZFC is more prominent at 
0.5 T. Furthermore, the temperature at which the divergence occurs decreases as the 
applied magnetic field increases (at 0.1 T; 22 K and 0.5 T; 20 K) and a magnetic tail can 
also be observed at 0.5 T in the ZFC curve. These features suggest a field-induced 
transition or spin flipping due to the frustrated nature of the magnetic lattice in 
Rb2Fe2O(AsO4)2. It is noteworthy to mention that, the difference between the bifurcation 
temperatures in ground single crystals and aligned single crystals at the applied magnetic 
field of 0.5 T (Figure 6.19) are 20 K and 8 K respectively. Furthermore, the 
magnetization in the ZFC curve of aligned single crystals diminishes sharply within a 
narrow window of temperature compared to the ZFC in ground single crystals at 0.5 T. 
This is likely due to the magnetic anisotropy in the system. A similar behavior was 
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observed for K2Fe2O(AsO4)2 and additionally, a dynamic behavior was observed in FC 
and ZFC at 0.01 T. In this case, FC and ZFC measurements were performed using 
different cooling rates. As shown in Fig. 6.20, there is a change in the direction of 
magnetization according to the cooling rate (1, 2, 3 and 5 K min
-1
 employed in the ZFC 
and FC modes at an applied magnetic field of 0.01 T). The FC magnetization was 
positive regardless of the cooling rate but ZFC was negative at the cooling rates of 1, 2 
and 3 K min
-1
 and it becomes positive at the cooling rate of 5 K min
-1
. The High 
Resolution Powder Diffractometer, BT-1, at NIST was used to collect NPD patterns 
under the ZFC and FC conditions with different cooling rates of 1, 2, 3, and 5 K min
-1
. 
However, we could not observe any intensity change of the Bragg peaks with different 
cooling rates which could also be due to the fact that an instrument difficulty to achieve a 
controlled cooling rate during the measurements. Nevertheless, it was interesting to 
observe such a dynamic behavior in ZFC measurements even though it is unclear the 
reason behind this phenomenon. 
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Figure 6.17. Magnetization curves for ground single crystals of Rb2Fe2O(AsO4)2 in the 
applied fields of 0.0001, 0.005, 0.01 and 0.025 T. 
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Figure 6.18. Magnetization curves for aligned single crystals of Rb2Fe2O(AsO4)2 in the 
applied fields of of 0.001, 0.01, 0.05 and 0.1 T. 
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Figure 6.19. FC and ZFC Magnetization plots for ground single crystals of 
Rb2Fe2O(AsO4)2 at 0.1 and 0.5 T, inset; aligned single crystals in applied field 0.5 T. 
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Figure 6.20. FC and ZFC magnetization at 0.01 T of a polycrystalline sample of 
K2Fe2O(AsO4)2 showing the negative magnetization anomaly seen in the ZFC curves as 
a function of cooling rate. At faster cooling rates (5 K min
-1
), there is no longer a 
negative magnetization. 
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Further evidence provided by the AC susceptibility measurements, also suggests 
an intriguing change in the spin dynamics around TN. The AC susceptibility of 
Rb2Fe2O(AsO4)2 was performed on aligned single crystals with ac fields applied along 
the b-axis. The temperature dependence of AC magnetic susceptibility (χ′) was measured 
in the temperature range 20-34 K (Figure. 6.21) under an oscillating AC driving field of 3 
Oe and zero DC field at five different frequencies. A double-peak feature is detected, 
which corresponds to the shoulder near TN (Figure. 6.20). Intensity of the peaks at ~ 23 K 
was suppressed with increasing frequency. This feature suggests the presence of spin 
glass (SG) type-behavior in Rb2Fe2O(AsO4)2 and similar behavior was previously 
reported in RbNa3Fe7(PO4)6, SrFe3O(PO4)3 and PbFe3O(PO4)3.  
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Figure 6.21. Temperature dependence of the real component of the AC magnetic 
susceptibility of Rb2Fe2O(AsO4)2 different frequencies. 
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Specific Heat Capacity: The specific heat data of Rb2Fe2O(AsO4)2 shows a λ-
type anomaly with a maximum near 22 K as shown in Figure 6.22. This λ-type anomaly 
is an indication of the true long range magnetic order consistent with the magnetic data 
presented earlier. The phonic contribution (αT3) shows a linear increase as shown in 
lower inset of Figure 6.22. Additionally, linear contributions (γT) appear as the 
extrapolated value for T = 0. The Somerfield coefficient, γs, is equal to zero as expected 
because Rb2Fe2O(AsO4)2 is an insulator. The extrapolation of the linear part of specific 
heat at temperatures between 7 to 15 K is shown in the lower inset of Figure 6.22. The 
deviation from this linear behavior indicates the presence of a gap in the “quasiparticle” 
density of states in Rb2Fe2O(AsO4)2. At lower temperatures, this finite γ contribution 
becomes suppressed. For Rb2Fe2O(AsO4)2 this contribution can be estimated to be γ ~ 55 
mJ/mol K
2
 and this value is close to other insulating materials like LaTiO3, which has an 
orbital liquid ground state. In other insulating materials like LaMnO3, due to the 
existence of orbital order, such a contribution is unexpected but the experimentally 
observed γ (~50 mJ/mol K2) for Rb2Fe2O(AsO4)2 is even larger. We assume that the 
opening of gap in a restricted temperature region T ~ Δ yields γ = γ0e
-Δ/T
. Plotting the 
logarithm of ΔCp vs. 1/T demonstrates that such a type of behavior can indeed be 
detected, and the representation of the upper inset of Figure 6.22 shows a linear region 
between 5 to 15 K. We are aware that the exponential behavior extends only over a 
limited temperature range below the gap. Thus the determined gap value has to be 
considered as a rough estimation only. 
15
 Yet its presence needs to be confirmed by 
inelastic neutron scattering experiments. 
306 
 
 
Figure 6.22. Specific heat capacity for single crystals of Rb2Fe2O(AsO4)2. In lower 
inset; specific heat plotted on quadric temperature scale. The solid line are extrapolated 
from the linear part T of specific heat at temperatures between 7 to 15 K. Upper inset, 
ln(C/T) vs. 1/T plot and the solid lines are linear fit assuming  = constant + 0e
-/T
. 
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Magnetic Structure Determination Using NPD: Neutron powder diffraction of 
Rb2Fe2O(AsO4)2 was carried out using two different types of wavelength as prevoiuosly 
mentioned. Here, a lower wavelength NPD pattern (Figure 6.23) was used to determine 
the nuclear structure and, Tables 6.7 and 6.8 reports the crystallographic information 
obtained from the Rietveld refinement. After obtaining the nuclear structure, temperature 
dependent NPD measurements were carried out from 4-40 K. At lower temperatures, 4 K, 
the change of peak intensity and appearance of a new peak are corresponding to the 
magnetic phase, Figure 6.23 inset. These peaks were indexed using the same unit cell 
under the commensurate propagation vector k = (000). Representational analysis was 
conducted to determine the symmetry allowed magnetic structures where the calculations 
were carried out using the program SARAh-Representational Analysis. There are eight 
possible irreducible representations (IRs) associated with the Pnma space group, and 
Table 6.9 presents two of them (Γ1, Γ5) that are relevant for the discussion here. The 
labeling of the IRs follows the scheme used by Kovalev. The magnetic structure 
refinement NPD pattern is shown in Figure 6.24. The two Fe
3+
 sites with Wyckoff 
positions of 4b and 4c were refined using the basis vectors reported in Table 6.9. The 
refined parameters with magnetic moments for Fe(1) and Fe(2) are presented in Table 
6.10. Figure 6.25 is a representation of the magnetic structure obtained at 4 K. According 
to the magnetic structure presented here, Fe(1) has a magnetic moment that points 
directly along the b-axis, while Fe(2) has a large b component and significantly smaller a 
and c components indicating a slight canting along the chain direction, see Figure 6.25 
and Table 6.10. The NPD data also reveals that the net magnetic moment on the chains is 
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ordered in a ferromagnetic fashion along the b-axis through the Fe−O−Fe of the [FeO4]∞ 
chains, and within the unit cell they couple in an anti-parallel fashion to one another 
giving rise to an overall antiferromagnetic structure, Figure 6.25. Figure 6.26 shows the 
change in intensity of three magnetic peaks (100), (101) and (102) as a function of 
temperature, 4-30 K. Figure 6.27 shows the intensity vs. temperature of the (100) and 
(101) peaks and shows that at ~ 26 K, the peak intensity begins to decrease at TN of 
Rb2Fe2O(AsO4)2. 
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Figure 6.23. Rietveld refinement of the NPD pattern at 40 K; inset: magnetic peaks 4 K. Vertical bars indicate the expected 
Bragg peak positions according to the nuclear structure models depending on single crystals.  
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Table 6.7 Crystallographic data for Rb2Fe2O(AsO4)2 obtained from both SXRD and 
PXRD for a comparison. 
 
Table 6.8 Atomic coordinates and the thermal parameters obtained from the NPD for a 
Rb2Fe2O(AsO4)2. 
Atom Wyck. x y z U 
Rb(1) 4c 0.88619(2) 1/4 0.86258(4) 0.0200(2) 
Rb(2) 4c 1.03827(2) -1/4 0.73204(4) 0.0250(3) 
Fe(1) 4c 0.71643(1) -1/4 0.56571(6) 0.0060(3) 
Fe(2) 4b 1.00000 0 1/2 0.0060(3) 
As(1) 4c 0.82008(2) 1/4 0.64270(5) 0.0060(2) 
As(2) 4c 0.67567(2) 1/4 0.44431(4) 0.0053(2) 
O(1) 4c 1.0608(5) 1/4 0.43750(2) 0.0012(1) 
O(2) 4c 0.9606(5) 1/4 0.57640(2) 0.0041(1) 
O(3) 8d 0.7645(4) 0.0106(5) 0.47834(1) 0.0080(9) 
O(4) 4c 0.4878(5) 1/4 0.47512(2) 0.0140(1) 
O(5) 8d 0.70263(3) 0.0130(5) 0.63287(1) 0.0100(9) 
O(6) 4c 0.6844(5) 1/4 0.35629(2) 0.0040(1) 
O(7) 4c 0.9151(5) 1/4 0.71961(2) 0.0190(1) 
 
 Rb2Fe2O(AsO4)2 
 PXRD NPD 
crystal system orthorhombic orthorhombic 
morphollogy Powder, brown Powder, brown 
space group, Z Pnma (No. 62), 4 Pnma (No. 62), 4 
T, °C 27 27 
a, Å 8.5347(2) 8.5342(2) 
b, Å 5.7901(2) 5.7902(2) 
c, Å 18.618(4) 18.612(4) 
V, Å
3 
920.05(3) 919.70(3) 
dcalc, g cm
-3
 4.1651 4.1421 
Rp/wRp/χ2 0.0748/0.1120/1.620 0.0850/0.521/1.550 
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Table 6.9. Basis vectors (BV) of the IRs Γ1 and Γ5, of the space group Pnma with k = 
(0,0,0). The atoms Fe(1) of the non-primitive basis are defined according to 1: (.715, 
0.25, 0.565), 2: (0.215, 0.25, 0.935), 3: (0.285,0.75, 0.435), 4: (0.785, 0.75, 0.065). The 
Fe(2) atoms are defined as 1: (0, 0, 0.5), 2: (0.5, 0.5, 0), 3:(0, 0.5, 0.5), 4: (0.5, 0, 0). 
 
 
 
 
 
 
 
 
 
 
 
 
IR BV Atom Fe(1) Fe(2) 
   ma  mb  mc ma  mb  mc 
Γ1 ψ1 1 0     1     0 0     1     0 
  2 0    -1     0 0    -1     0 
  3 0     1     0 0     1     0 
  4 0    -1     0 0    -1     0 
 ψ2 1  1     0     0 
  2  1     0     0 
  3  -1    0     0 
  4  -1    0     0 
 ψ3 1  0     0     1 
  2  0     0    -1 
  3  0     0    -1 
  4  0     0     1 
Γ5 Ψ4 1 0     1     0 0     1     0 
  2 0     1     0 0     1     0 
  3 0     1     0 0     1     0 
  4 0     1     0 0     1     0 
 Ψ5 1  1     0     0 
  2  -1    0     0 
  3  -1    0     0 
  4  1     0     0 
 Ψ6 1  0     0     1 
  2  0     0     1 
  3  0     0    -1 
  4  0     0    -1 
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Figure 6.24. Magnetic structure refinement for the NPD pattern at 4 K. Vertical bars indicate the expected Bragg peak 
positions according to the nuclear structure models depending on single crystals (green) and magnetic structure (brown). 
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Figure 6.25. Partial structure of the [FeO4]∞ chain. The green arrows represent the 
magnetic moments obtained from the NPD data at 4 K (top); Complete magnetic 
structures indicating the antiferromagnetic coupling between the chains. The Fe(1) 
magnetic moments are collinear with the b-axis, while the Fe(2) moments are forming 
undulating patterns, running in opposite direction with respect to the Fe(1) moments  
(bottom). 
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Figure 6.26. Temperature dependence of the intensities of magnetic reflections (100), 
(101) and (102) measured in zero magnetic field. 
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Figure 6.27. Temperature dependence of the (100) and (101) magnetic peaks intensities 
measured in zero magnetic field and 4 T, respectively where the dotted line represents a fit 
to the intensity data. 
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Table 6.10. magnetic moments (µB) for Fe(1) and Fe(2) sites obtained from the 4 K NPD  
data. 
 
However, it was contradictory to observe an antiferromagnetic magnetic structure 
with the hysteresis loops in M vs. H plots as shown in Figures 6.13 and 6.15 for ground 
single crystals and aligned single crystals, respectively. In order to understand ferro- or 
ferri-magnetic nature of this system, NPD was performed at 4 K with various applied 
magnetic fields.  
As presented in Figures 6.28 and 6.29, the (100) peak intensity start to decrease at 
approximately 0.3 T, and it nearly vanished at 4 T. If one compares the neutron results 
with the magnetization curve measured on polycrystalline sample (Figure 6.13), one can 
see a very close resemblance. The inflection point in the magnetization near 0.3 T 
corresponds to the onset of the ferrimagnetic order (indicated by the (101) peak). The 
isothermal magnetization curve at 2 K for oriented single crystals exhibits at least one 
more inflection point just above 1 T. A closer look at the neutron data reveals that this 
additional feature might have also been captured, although the reduced number of 
experimental points does not provide sufficient evidence of it. Nevertheless, these 
intermediate transformations appear to be more subtle and difficult to detect using 
neutron powder data. The variation of (101) peak amplitude as a function of temperature 
in constant magnetic field of 4 T is shown in Figures 6.27 and 6.32. One can see that the 
order parameter of the new magnetic state follows a similar trend as that of the 
atom x y z Mx My Mz Mtotal 
Fe(1) 0.7156(1) -1/4 0.5653(1) 0 4.123 0 4.123 
Fe(2) 1.00000 0 1/2 -1.819 -3.472 -0.239 -3.927 
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antiferromagnetic state observed in zero fields. However, the transition point is shifted to 
higher temperature by about 5 K. Rietveld refinement has been performed using the 
diffraction data collected at 4 T and 4 K, and the fit result is presented in Figure 6.30. The 
magnetic scattering has been well reproduced by a ferrimagnetic model based on the 
irreducible representation Γ5 given in Table 6.9. This representation is equivalent to the 
Shubnikov magnetic space group Pńmá. In this new magnetic state (Figure 6.31), all 
chains exhibit the same polarity, with all symmetry equivalent Fe-ions having the b-axis 
component of magnetic moment aligned in the same direction. On the other hand, Fe(1) 
and Fe(2) sub-lattices maintain opposite magnetizations while not compensating each 
other. Another effect of the magnetic field is the change in the canting direction of Fe(2) 
spins with respect to the local plane of the Δ-chain. The spins rotate around the b-axis 
from an in-plane canting to an out-of-plane canting. The relative angle between Fe(2) 
moments remains close to 60°. The field induced spin-flip and canting of the spins may 
occur in several intermediate stages, which could plausibly explain the presence of step-
like transitions in the magnetization curves.  
The magnitude of the ordered magnetic moments at 4 T is found to be very 
similar to that observed for the antiferromagnetic state in zero magnetic field. The Fe(1) 
moment is determined to be 3.5(1) µB. For the Fe(2) site, the amplitude of the moment is 
refined as 4.5(1) µB, with the three axes components a =0.5(1) µB, b =2.76(6) µB and c = 
1.3(1) µB. It is also worth noting that the resulting net magnetization resulted from such 
amplitudes is about ~1.0 µB per Fe
3+
, which is reasonably consistent to what has been 
determined from magnetization measurements (see Figures 6.13 and 6.15).  
318 
 
 
 
 
Figure 6.28. NPD patterns of Rb2Fe2O(AsO4)2 with different applied magnetic fields at 
4 K, showing the change of peak intensities of (100) and (101) Bragg peaks at 4 K. 
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Figure 6.29. Change of peak intensities of (100) and (101) Bragg peaks at 4 K. The 
dashed line is a guide to the eye. The vanishing of (100) reflection at the expense of 
(101) magnetic is caused by an induced transition from antiferromagnetic to 
ferrimagnetic state.  
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Figure 6.30. Magnetic structure refinement for the NPD pattern at 4 K at 4 T. Vertical bars 
indicate the expected Bragg peak positions according to the nuclear structure models 
depending on single crystals (green), AF magnetic structure (brown) and FM magnetic 
structure (purple).  
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Figure 6.31. Schematic view of the magnetic structure of Rb2Fe2O(AsO4)2 at 4 K and 4 T. 
The Fe(1) and Fe(2) moments are pointing in opposite directions but do not fully 
compensate each other due to the canting of Fe(2) sub-lattice. In contrast to the zero-field 
order, the magnetic polarity becomes the same for all the chains yielding a ferromagnetic 
configuration. 
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Figure 6.32. NPD pattern at 4 T at various temperatures. The inset shows the difference 
between NPD of at 4 K with 4 T magnetic field and without magnetic field. Upon 
careful inspection, we found that the presence of the (100) magnetic peak even at 4 T 
which indicates that the Rb2Fe2O(AsO4)2 does not saturate at this field. 
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One of the other interesting features was the negative magnetization in 
Rb2Fe2O(AsO4)2. Figures 6.33 and 6.34 show the difference between 4 K @ zero 
magnetic field, 4K @ 0.7 T FC and @ 4 K with the ZFC modes. All those three powder 
patterns show different intensities in the (100) and (101) magnetic peaks which is an 
indication of the presence of different magnetic moments in FC and ZFC modes. In order 
to observe the negative magnetization, the direction of M has to be opposite to the applied 
magnetic field. This phenomenon has been observed in a limited number of ferrimagnetic 
materials due to the presence of two different magnetic ions or similar magnetic ions in 
two different crystallographic sites. Under those circumstances, if the two magnetic ions 
or substructures possess different temperature dependent magnetizations, one can align 
opposite to the applied magnetic field by creating a negative magnetization. Additionally, 
the negative magnetization was also observed in materials like YVO3 which are not 
categorized as ferrimagnetic compounds. In this type of material, the negative 
magnetization is due to the competition between Dzyaloshinsky-Moriya (D-M) 
interactions and a magnetostrictive distortion that arises due to the orbital moments.
16
 
Structurally, Rb2Fe2O(AsO4)2 has two different Fe
3+
 sites and these two Fe
3+
 sites 
should have different temperature dependent magnetizations which clearly explain the FC 
and ZFC NPD data at 4 K. According to the ferro-magnetic model we derived above, the 
magnetic moment of Fe(1) site does not compensate from the magnetic moment of Fe(2) 
site which can create a net magnetic moment along the b-axis of the structure. As a result, 
during ZFC mode at lower applied magnetic fields, Fe(1) and Fe(2) behave as two 
separate magnetic sub-structures while Fe(1) and Fe(2) contributing to the net 
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magnetization independently. However, the Fe(1) and Fe(2) magnetic moments are 
arranged anti-parallel to each other and the Fe(2) site has a larger magnetic moment than 
Fe(1) (at 4 T it is 1.0 µB per Fe
3+
, see above text). At lower applied magnetic fields, this 
net magnetic moment aligns opposite to the applied field where we observe the negative 
magnetization. However under the FC mode (at the same applied magnetic field as in 
ZFC mode) the total magnetization is a sum of the Fe(1) site and external field, therefore 
we observe the positive magnetization which is a superposition of ZFC. The magnetic 
moments in each substructure are highly dependent on the temperature and the applied 
magnetic field. Further, at the compensation temperature (T0) of the system, the magnetic 
moments of Fe(1) and Fe(2) sites become equal to each other where the zero 
magnetization can be observed. In Rb2Fe2O(AsO4)2, this occurs at ~ 21 K. 
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Figure 6.33. NPD of Rb2Fe2O(AsO4)2 under FC condition in different temperatures. 
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Figure 6.34. NPD pattern at 4 K at zero applied field, ZFC @ 0.7 T and FC @ 0.7 T. 
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A2Cr2O(AsO4)2 
Synthesis of Single Crystals of A2Cr2O(AsO4)2, where A = K and Rb: Single 
crystals of A2Cr2O(AsO4)2 were grown using high temperature solid-state reaction. 
K2Cr2O(AsO4)2 was prepared using K2CO3, Cr2O3 and (NH4)H2AsO4. A total of 1 g of 
reactants were mixed and ground in a nitrogen purged dry box and loaded into a quartz 
tube, heated to 800 °C (open air) at a rate of 2 °C min
-1
, and held at that temperature for 2 
days before being furnace cooled to room temperature at a rate of 2 °C min
-1
. Brown 
columnar crystals were recovered after washing with de-ionized water by employing the 
suction filtration. Here, different cooling rates (0.05, 0.1 and 1 °C min
-1
) were also 
employed to achieve larger crystals but was not successful. Similarly, Rb2Cr2O(AsO4)2
16
 
can be synthesized using a mixture of Rb2CO3, Cr2O3 and (NH4)H2AsO4 applying the 
same heating program. It is important to mention A2Cr2O(AsO4)2 cannot be synthesized 
using molten salt.  
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Table 6.12. Crystallographic data for A2Cr2O(AsO4)2. 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.00372 P)
2
 + 1.3938 P] for 3, w = 1 / [σ2(Fo2) + (0.0453 P)2 + 3.3444 P] for 4.  
 
 
 
 
 
 
 
 
empirical formula K2Cr2O(AsO4)2, 3 Rb2Cr2O(AsO4)2, 4 
FW 476.04 568.78 
crystal system orthorhombic orthorhombic 
crystal dimension, mm 0.18  0.06 0.06 0.12  0.36  0.08 
space group, Z Pnma (No. 62), 4 Pnma (No. 62), 4 
T, °C 27 27 
a, Å 8.5097.(2) 8.5280(2) 
b, Å 5.6296(1) 5.6566(2) 
c, Å 17.775(4) 18.431(4) 
V, Å
3 
851.5(3) 889.1(3) 
μ (Mo Kα), mm-1 11.270 20.737 
dcalc, g cm
-3
 3.713 4.249 
data/restraints/parameters 838/0/86 870/0/85 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0292/0.0680/1.180 0.0375/0.0935/1.203 
largest diff. peak/hole, e/ Å
3
 1.170/-0.920 1.871/-1.615 
329 
 
Table 6.13. Atomic parameters for A2Cr2O(AsO4)2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Atom Wyck. x y z 
K2Cr2O(AsO4)2, 3 
K(1) 4c 0.0954(2) 1/4 0.1347(1) 
K(2) 4c 0.5432(2) 1/4 0.7661(1) 
Cr(1) 4c 0.1825(1) 1/4 0.3548(1) 
Cr(2) 4c 0.3242(1) 1/4 0.5565(1) 
As(1) 4c 0.27820(1) -1/4 0.4400(1) 
As(2) 4b 0 0 1/2 
O(1) 4c 0.0393(2) 1/4 0.4245(2) 
O(2) 4c -0.0544(2) 1/4 0.5698(2) 
O(3) 4c 0.5052(2) 1/4 0.5226(2) 
O(4) 8d 0.2291(2) 0.0024(2) 0.5219(1) 
O(5) 8d 0.3004(2) 0.0082(2) 0.3653(1) 
O(6) 4c 0.3169(2) 1/4 0.6490(3) 
O(7) 4c 0.0862(2) 1/4 0.2751(3) 
Rb2Cr2O(AsO4)2, 4 
Rb(1) 4c 0.1059(1) 1/4 0.1385(1) 
Rb(2) 4c 0.5386(1) 1/4 0.7680(1) 
Cr(1) 4c 0.1802(1) 1/4 0.3599(2) 
Cr(2) 4c 0.3241(1) 1/4 0.5537(2) 
As(1) 4c 0.2773(1) -1/4 0.4417(2) 
As(2) 4b 0 0 1/2 
O(1) 4c 0.0368(2) 1/4 0.4269(3) 
O(2) 4c -0.0539(2) 1/4 0.5660(3) 
O(3) 4c 0.5060(2) 1/4 0.5222(4) 
O(4) 8d 0.2296(2) 0.0044(2) 0.5199(3) 
O(5) 8d 0.2965(2) 0.0074(2) 0.3696(3) 
O(6) 4c 0.3114(2) 1/4 0.6429(4) 
O(7) 4c 0.0878(2) 1/4 0.2823(4) 
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Table 6.14. Anisotropic thermal parameters (Å
2
) for A2Cr2O(AsO4)2. 
 
 
 
 
 
 
Atom U11 U22 U33 U12 U13 U23 
K2Cr2O(AsO4)2, 3 
K(1) 0.028(2) 0.016(2) 0.015(2) 0.000 0.002(2) 0.000 
K(2) 0.028(1) 0.030(2) 0.024(2) 0.000 -0.006(2) 0.000 
Cr(1) 0.011(4) 0.009(4) 0.008(2) 0.000 0.007(2) 0.000 
Cr(2) 0.007(4) 0.007(3) 0.009(4) 0.000 -0.001(2) 0.000 
As(1) 0.006(5) 0.007(5) 0.010(5) 0.000 0.000) 0.000 
As(2) 0.008(5) 0.007(5) 0.009(5) -0.004(2) 0.000 -0.002(4) 
O(1) 0.013(2) 0.010(2) 0.009(2) 0.000 0.001(1) 0.000 
O(2) 0.010(2) 0.008(2) 0.007(2) 0.000 0.004(1) 0.000 
O(3) 0.010(2) 0.014(2) 0.018(2) 0.000 0.005(1) 0.000 
O(4) 0.009(1) 0.009(1) 0.012(1) -0.004(1) -0.005(1) -0.003(1) 
O(5) 0.0153(1) 0.009(1) 0.018(1) 0.003(1) 0.007(1) 0.003(1) 
O(6) 0.020(3) 0.017(2) 0.010(2) 0.000 -0.006(1) 0.000 
O(7) 0.022(3) 0.032(3) 0.011(2) 0.000 -0.004(2) 0.000 
Rb2Cr2O(AsO4)2, 4 
Rb(1) 0.035(2) 0.016(2) 0.018(2) 0.000 0.005(4) 0.000 
Rb(2) 0.032(2) 0.026(2) 0.029(2) 0.000 -0.009(5) 0.000 
Cr(1) 0.015(2) 0.009(2) 0.011(2) 0.000 0.007(4) 0.000 
Cr(2) 0.010(2) 0.008(2) 0.012(2) 0.000 -0.012(4) 0.000 
As(1) 0.008(2) 0.008(2) 0.013(3) 0.000 -0.010(2) 0.000 
As(2) 0.010(2) 0.007(2) 0.010(2) 0.007(1) -0.001(2) -0.007(2) 
O(1) 0.013(4) 0.014(3) 0.012(3) 0.000 0.001(3) 0.000 
O(2) 0.004(3) 0.010(3) 0.012(3) 0.000 0.005(3) 0.000 
O(3) 0.011(4) 0.015(3) 0.032(4) 0.000 -0.011(3) 0.000 
O(4) 0.008(2) 0.008(2) 0.019(2) -0.002(1) 0.002(1) -0.003(1) 
O(5) 0.016(3) 0.017(3) 0.021(2) 0.003(2) 0.006(2) 0.004(2) 
O(6) 0.027(5) 0.019(4) 0.016(4) 0.000 -0.006(3) 0.000 
O(7) 0.024(4) 0.031(4) 0.021(4) 0.000 -0.006(3) 0.000 
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Table 6.15. Selected bond distances and angles for A2Fe2O(AsO4)2. 
(a) 1.5-x, 0.5+y, 0.5+z; (b) 1.5-x, -y, 0.5+z; (c) 1.5-x, 1-y, 0.5+z; (d) 0.5+x, 0.5-y, 1.5-z; 
(e) 0.5+x, y, 1.5-z; (f) 2-x, -y, 1-z; (g) x, -1+y, z; (h) 0.5+x, -0.5-y, 1.5-z; (i)  1-x, -y, 1-z; 
(j) x, -0.5-y, z; (k) 1.5-x, -y, -0.5+z; (l) -0.5+x, y, 1.5-z; (m) 2-x, -0.5+y, 1-z; (n) 2-x, 
0.5+y, 1-z; (0) x, 0.5-y, z; (p) x, 1+y, z; (q) 1.5-x, 1-y, -0.5+z. 
 
 
 
 
 
 
 
Cr(1)O6 Cr(2)O6 
 3 4  3 4 
Cr(1)−O(2)f 1.912(5) Å 1.911(7) Å Cr(2)−O(1) 1.973(3) Å 1.979(4) Å 
Cr(1)−O(3) 1.959(5) Å 1.963(7) Å Cr(2)−O(1)f 1.973(3) Å 1.979(4) Å 
Cr(1)−O(4)j 2.078(3) Å 2.076(4) Å Cr(2)−O(2)f 1.932(3) Å 1.922(4) Å 
Cr(1)−O(4) 2.078(3) Å 2.076(4) Å Cr(2)−O(2) 1.932(3) Å 1.922(4) Å 
Cr(1)−O(5)i 1.977(3) Å 1.978(5) Å Cr(2)−O(4) 1.989(3) Å 1.992(5) Å 
Cr(1)−O(5) j 1.977(3) Å 1.978(5) Å Cr(2)−O(4)f 1.989(3) Å 1.992(5) Å 
As(1)O4 As(2)O4 
 3 4  3 4 
As(1)−O(1) 1.737(5) Å 1.737(6) Å As(2)−O(3)a 1.654(5) Å 1.657(7) Å 
As(1)−O(5) 1.701(2) Å 1.702(5) Å As(2)−O(4) 1.725(3) Å 1.723(8) Å 
As(1)−O(5) 1.701(3) Å 1.702(5) Å As(2)−O(4) 1.725(3) Å 1.723(4) Å  
As(1)−O(7) 1.638(5) Å 1.634(6) Å As(2)−O(6) 1.643(4) Å 1.648(4) Å  
 3 4 
Cr(1)
j−O(3)−Cr(2)f 91.01(1)° 91.26(1)° 
Cr(1)−O(3)−Cr(2) 91.01(1)° 91.26(1)° 
Cr(2)
f−O(2)−Cr(2) 94.28(1)° 94.88(1)° 
Cr(2)−O(1)−Cr(2)n 94.28(1)° 94.88(1)° 
Cr(1)
f−O(1)−Cr(2) 100.83(1)° 101.03(1)° 
Cr(1)
f−O(1)−Cr(2)n 100.83(1)° 101.03(1)° 
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Conclusion 
In summary A2Fe2O(AsO4)2 is one of the few magnetic insulators that shows 
stepped magnetization along with negative magnetization behavior. The key component 
in such a complex magnetic system is due to the presence of two crystallographically 
independent Fe
3+
 sites in A2Fe2O(AsO4)2. Structurally, oct-Fe(2)O6 units form [FeO4]∞ 
chains along the b-axis via edge-sharing whereas the oct-Fe(1)O6 share µ3-oxo 
connectivity all together to form the pseudo one-dimensional [Fe4O14]∞ chains by 
forming a saw-tooth chain of Fe magnetic lattice. Rb2Fe2O(AsO4)2 have been studied by 
means of magnetization, specific heat and neutron powder diffraction measurements. The 
structure consists of triangle based magnetic chains made of S= 5/2 Fe
3+
 ions occupying 
two crystallographically distinct tetrahedral sites. Magnetization measurements indicate a 
complex magnetic behavior with a temperature induced magnetization reversal at low 
magnetic fields. In addition, the isothermal magnetization curves exhibits step-like 
metamagnetic transitions and hysteresis effects. Neutron diffraction experiments 
performed in zero magnetic field reveal an antiferromagnetic long-range magnetic order 
below the Neel temperature (TN) of about 25 K. The magnetic structure consists of two 
Fe sublattices (Fe(1) and Fe(2)), which are antiferromagnetically coupled within each 
chain. The Fe(1) moments are collinear lying along the b-axis direction, while the Fe(2) 
moments are reversely canted by approximately 30° and form a zigzag pattern in the 
plane of the triangular chain. The spins in adjacent chains along the c-axis are polarized 
in opposite directions and mutually compensated each other. The neutron diffraction data 
collected at 4 K under applied magnetic field show a transition from an antiferromagnetic 
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to a ferrimagnetic state that occur near 0.3 T. In the new magnetic state each sublattice, 
Fe(1) and Fe(2), becomes ferromagnetic but remain aligned antiparallel with each other 
producing uncompensated spins. The canting direction of Fe(2) spins changes to out-of-
plane while the relative angle between neighboring Fe(2) moments remains close to 60°. 
Although only detected by neutron diffraction at magnetic fields greater than 0.3 T, the 
ferromagnetic structure can be invoked to explain the magnetization reversal observed in 
the macroscopic study. Altogether the data suggest a complex magnetic topology derived 
from a possible magnetic phase segregation in ferrimagnetic and antiferromagnetic 
clusters which could coexist at low magnetic fields below TN.  
In terms of the future work, for a systematic study it will be necessary to 
investigate a detail magnetic property characterization  of other structures such as 
A2Cr2O(AsO4)2, where A = K and Rb, and AV2O(PO4)2, where A = Ca, Sr, and Cd. 
Furthermore, neutron studies such as neutron powder diffraction and inelastic neutron 
scattering would be ideal to understand the macroscopic magnetic phenomena associated 
with Cr
3+
- and V
3+
- based compounds. One of the biggest challenges in this type of 
research is growing a large crystal (weigh ~ 100 mg per crystal). As inelastic neutron 
scattering (INS) produces very weak signals, large crystals are extremely important. 
Here, it is important to mention that, INS experiments are essential to determine the 
magnetic energy levels associated with magnetic transitions which eventually explain the 
macroscopic magnetic properties. Thus, it is important to have relatively large crystals. In 
order to synthesize large crystals, one can utilize the Optical Zone-Melting Technique in 
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the future and this technique has been successfully used to grow large single crystals of 
iron arsenide and iron telluride compounds.
16
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CHAPTER SEVEN 
A NEW SERIES of 3d-4f HETEROMETALLIC OXO-PHOSPHATE AND 
ARSENATE: SYNTHESIS, STRUCTURE AND CHARACTERIZATION OF 
Rb7LnFe6O2(PO4)8 (Ln = Y, Nd, Sm, Eu, Gd, Dy, Ho, Lu) and Cs6KLnFe6O2(AsO4)8 (Ln 
= Pr, Nd, Sm, Eu, Gd, Dy, Yb) FEATURING TETRAMERIC [Fe
III
4O18] MAGNETIC 
NANOSTRUCTURES 
 
Introduction 
Mixed lanthanide and first-row transition metal oxide nanostructures that are 
structurally isolated by oxyanions, such as phosphates and arsenates, have been a recent 
area of emphasis in our pursuit of quantum magnetic solids.
1
 Attempts to incorporate 
lanthanide cations are intuitively based on the unique magnetic nature intrinsic to the 4f 
electrons showing large spin ground states (S) and single-ion anisotropy (D). To achieve 
quantized magnetization effects, these are essential parameters as demonstrated by the 
recently studied examples of single molecule magnets (SMMs).
2
 It has also been realized 
that, because the interaction of the f electrons with the more expanded s, p, or d electrons 
is expected to be stronger than that with other f electrons, the incorporation of 4f 
magnetic ions may promise the occurrence of enhanced quantum phenomenon. Our 
present attempt to synthesize heterometallic 3d and 4f nanostructures in magnetic systems 
with extended structures offers complementary opportunities for the systematic study to 
reveal the role of lanthanide ions in confined magnetic systems. 
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While magnetic anomalies are expected owing to both the single-ion effect of the 
lanthanide ion and the potential coupling between the two ions, no simple model has thus 
far been produced to unravel the two contributions. It is believed that, as reported for 3d-
4f SMMs and SCMs
3
 (single chain magnets), and in some other cases, the lanthanide’s 
anisotropic contribution can significantly compensate for the weak magnetic interactions 
associated with 4f ions. To expand the database for the systematic study of structure and 
property correlations, we have begun exploring low-dimensional solids that incorporate 
3d-4f nanostructures
4
 of different size and geometry. 
Instead of using organic ligands to “encapsulate” magnetic nanostructures like in 
SMMs, we have successfully incorporated closed-shell, nonmagnetic inorganic 
oxyanions. Reportedly, transition temperatures in molecular magnets are hampered (TC < 
5 K) partly because of the phonon interactions induced by soft organic ligands.
5
 We 
anticipate that, by employing more rigid inorganic polyanions, the magnetic phenomena 
associated with dimensionality confinement, including quantum tunneling of 
magnetization, can be replicated at higher temperatures. 
In this chapter, the synthesis and structure characterization of Rb7LnFe6O2(PO4)8 
(Ln = Y, Nd, Sm, Eu, Gd, Dy, Ho, Lu) and Cs6KLnFe6O2(AsO4)8 (Ln = Pr, Nd, Sm, Eu, 
Gd, Dy, Yb) will be discussed. Additionally, the magnetic properties of 
Rb7LnFe6O2(PO4)8, where Ln = Sm, Gd and Dy will be presented.
6
 The single crystal 
structure shows that extended framework is composed of interconnected trigonal 
bipyramidal (tbp) FeO5, [Fe4O18] tetramers, and LnO6 octahedra (oct) via sharing oxygen 
atoms with oxyanions, XO4
3−
 (X = P, As), in this case. In systematic investigation, the Ln 
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= Sm
3+
 (L = 5, S = 5/2) and Dy
3+
 (L = 5, S = 5/2) derivatives were compared to acquire 
insight into the spin-orbit contribution of lanthanide ions to the overall magnetic behavior 
of the title series. Furthermore, synthesis and structure characterization of 
Cs2Rb7Fe10O4(PO4)10Cl and Rb2Fe3O(PO4)3 will also be discussed as these two structures 
featuring tetermeric Fe
III
4 units. 
Synthesis and Characterization 
Synthesis of Rb7LnFe6O2(PO4)8 (Ln = Y, Nd, Sm, Eu, Gd, Dy, Ho, Lu) Series: 
Crystals of the first compound isolated in the Rb7LnFe6O2(PO4)8 series, where Ln = Gd, 
were grown by employing a molten-salt reaction in a fused silica ampoule under vacuum. 
KO2, Gd2O3, Fe2O3, P4O10, RbCl and RbI were mixed and ground in a nitrogen-purged 
dry box. Approximately 0.2 g of the oxides were mixed in a 2 : 1 : 1 : 1 molar ratio with 
0.6 g of a RbCl/RbI (50:50 mol%) salt flux. The reaction mixture was sealed in an 
evacuated fused-silica ampoule and then heated to 650 °C at 1 °C min
-1
, isothermed for 
one day, heated to 800 °C at 1 °C min
-1
, isothermed for two more days, slowly cooled to 
300 °C at 0.1 °C min
-1
, and then furnace-cooled to room temperature. The crystalline 
phase was retrieved from the flux by washing the product with deionized water using a 
suction filtration method. Red quadrilateral single crystals of Rb7GdFe6O2(PO4)8 were 
isolated along with an unidentified white powder. The crystals of Rb7GdFe6O2(PO4)8 
were the only single crystalline phase; where the white powder is polycrystalline, see 
Figure 7.1 for the product PXRD. All other Ln (Ln = Y, Nd, Sm, Eu, Dy, Ho, Lu) 
derivatives can be prepared similarly to Rb7GdFe6O2(PO4)8 with a similar crystalline 
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yield of ~70%.  However stoichiometric attempt reactions have thus far been 
unsuccessful for 1~8 Ln(III)-derivatives. 
Single Crystal X−ray Diffraction (SXRD): Red quadrilateral single crystals of 
all derivatives were physically examined and selected under an optical microscope 
equipped with an attachment of polarized light. The selected crystals were mounted on a 
glass fiber with epoxy for the X-ray diffraction study. The data were collected at room 
temperature on a four-circle Rigaku AFC8 diffractometer equipped with a Mercury CCD 
area detector, Mo Kα (λ= 0.71073 Å) radiation. The structures were solved by direct 
method using the SHELEX-97 program
7
 and refined on F
2
 by least-squares, full-matrix 
techniques. Table 7.1 to 7.4 reports the crystallographic data of the Rb7LnFe6O2(PO4)8 
series.  
Magnetic Susceptibility: Temperature-dependent magnetic measurements for 
Rb7LnFe6O2(PO4)8 series where, Ln = Sm (3) Gd (5) and Dy (6) were carried out with a 
Quantum Design SQUID MPMS-5S magnetometer. The measurements were taken from 
2 to 300 K in the applied field of H = 0.01 T and an applied field of 0.5 T was used only 
for 3. Selected crystals of 3 (1.2 mg), 5 (6.9 mg), and 6 (1.2 mg) were each ground and 
placed in a gel capsule sample holder. The magnetic susceptibility was corrected for the 
gel capsule and core diamagnetism with Pascal constants.
8
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Figure 7.1. PXRD of the reaction products from a single crystal synthesis of 
Rb7GdFe6O2(PO4)8 showing little evidence of extra reflections due to unidentified white 
powder. 
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Figure 7.2. a) SEM image and b) elemental mapping of Rb7GdFe6O2(PO4)8. 
 
 
 
 
 
 
344 
 
Table 7.1. Crystallographic data for 1~8. 
 
 
 
 
 
 
 
 
 
 
 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0557P)2 + 0.813 P] for 1, w = 1 / 
[σ2(Fo2) + (0.0651P)2 + 7.4368 P] for 2; w = 1 / [σ2(Fo2) + (0.0651P)2 + 7.4368 P] for 3. 
 
 
 
 
 
 
empirical formula Rb7YFe6O2(PO4)8, 1 Rb7NdFe6O2(PO4)8, 2 Rb7SmFe6O2(PO4)8, 3 
FW 1814.06 1869.39 1875.50 
crystal system Triclinic Triclinic Triclinic 
crystal dimension, mm 0.26 x 0.21 x 0.12 0.21 x 0.18 x 0.12 0.20 x 0.16 x 0.10 
space group, Z P-1(No.2), 1 P-1(No.2), 1 P-1(No.2), 1 
T, °C 25 25 25 
a, Å 9.275(2) 9.273(2) 9.272(2) 
b, Å 9.864(2) 9.851(2) 9.866(2) 
c, Å 9.985(2) 9.956(2) 9.991(2) 
α,° 91.89(3) 92.05(3) 92.06(3) 
β, ° 94.24(3) 93.39(3) 93.70(3) 
γ, ° 116.25(3) 116.35(3) 116.33(3) 
V, Å
3
 815.1(3) 812.3(3) 812.6(3) 
μ (Mo Kα), mm-1 15.290 15.121 15.261 
dcalc, g cm
-3
 3.705 3.825 3.820 
data/restraints/parameters 2819 / 0 / 256 2840 / 0 / 256 3283/0/256 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0334/0.0875/1.076 0.0613/0.1466/1.328 0.0402/0.1063/1.016 
largest diff. peak/hole, e/ Å
3
 1.614/-2.234 1.750/-1.810 2.257/-2.259 
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Table 7.1. Crystallographic data for 1~8 cont… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0857P)2 + 5.4258 P] for 4, w = 1 / 
[σ2(Fo2) + (0.0981P)2 + 5.1456 P] for 5; w = 1 / [σ2(Fo2) + (0.0834P)2 + 6.1368 P] for 6. 
 
 
 
 
 
 
empirical formula Rb7EuFe6O2(PO4)8, 4 Rb7GdFe6O2(PO4)8, 5 Rb7DyFe6O2(PO4)8, 6 
FW 1877.11 1882.4 1887.65 
crystal system Triclinic Triclinic Triclinic 
crystal dimension, mm 0.21 x 0.15 x 0.12 0.26 x 0.15 x 0.11 0.19 x 0.12 x 0.09 
space group, Z P-1(No.2), 1 P-1(No.2), 1 P-1(No.2), 1 
T, °C 25 25 25 
a, Å 9.258(2) 9.269(2) 9.259(2) 
b, Å 9.8582) 9.849(2) 9.849(2) 
c, Å 9.976 (2) 9.980(2) 9.990(2) 
α,° 92.03 (3) 91.93(3) 91.92(3) 
β, ° 93.82(3) 93.97(3) 94.15(3) 
γ, ° 116.27(3) 116.35(3) 116.28(3) 
V, Å
3
 812.5(3) 812.3(3) 812.5(3) 
μ (Mo Kα), mm-1 15.552 15.552 15.807 
dcalc, g cm
-3
 3.836 3.848 3.858 
data/restraints/parameters 2735/0/256 2817/0/256 2817/6/256 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0422/0.1061/1.056 0.0395/0.0977/1.069 0.0473/0.1088/1.086 
largest diff. peak/hole, e/ Å
3
 1.162/-1.945 1.892/-1.695 1.556/-1.654 
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Table 7.1. Crystallographic data for 1~8 cont… 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.07857P)2 + 6.1234 P] for 7, w = 1 / 
[σ2(Fo2) + (0.0841P)2 + 6.1547 P] for 8. 
 
empirical formula Rb7HoFe6O2(PO4)8, 7 Rb7LuFe6O2(PO4)8, 8 
FW 1890.08 1900.12 
crystal system Triclinic Triclinic 
crystal dimension, mm 0.20 x 0.11 x 0.09 0.21 x 0.21 x 0.12 
space group, Z P-1(No.2), 1 P-1(No.2), 1 
T, °C 25 25 
a, Å 9.252(2) 9.192(2) 
b, Å 9.861(2) 9.845(2) 
c, Å 9.984(2) 9.945(2) 
α,° 92.03(3) 91.66(3) 
β, ° 94.13(3) 94.45(3) 
γ, ° 116.22(3) 116.21(3) 
V, Å
3
 812.9(3) 803.0(3) 
μ (Mo Kα), mm-1 15.934 16.741 
dcalc, g cm
-3
 3.861 3.929 
data/restraints/parameters 2828/0/256 2802/0/256 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0306/0.0779/1.087 0.0406/0.0038/1.035 
largest diff. peak/hole, e/ Å
3
 0.967/-2.368 1.541/-2.773 
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Table 7.2. Atomic parameters for 1~8. 
Rb7YFe6O2(PO4)8, 1 
Atom Wyck. x y z 
Rb(1) 2i -0.0727(1) 0.7906(2) 1.6569(1) 
Rb(2) 2i 0.3730(1) 1.0257(2) 1.6233(1) 
Rb(3) 2i 0.3235(1) 0.5613(2) 0.0943(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Y 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1562(1) 0.8919(2) 1.0328(1) 
Fe(2) 2i 0.1650(1) 0.9072(2) 1.2462(1) 
Fe(3) 2i 0.1543(1) 0.5765(2) 0.7229(1) 
P(1) 2i 0.2147(1) 0.6664(1) 0.4274(1) 
P(2) 2i -0.1949(1) 0.7326(1) 1.3069(1) 
P(3) 2i 0.0911(1) 0.7688(1) 0.9623(1) 
P(4) 2i 0.4424(1) 1.2447(1) 1.2206(1) 
O(1) 2i -0.3736(1) 0.7797(5) 0.9285(4) 
O(2) 2i 0.1584(1) 0.6850(5) 0.5662(4) 
O(3) 2i -0.0161(1) 0.8421(5) 1.3569(4) 
O(4) 2i -0.1810(2) 1.0838(5) 1.1072(4) 
O(5) 2i -0.2613(2) 0.8018(5) 1.1982(4) 
O(6) 2i 0.0683(2) 0.9937(4) 1.1242(4) 
O(7) 2i -0.2064(2) 0.5831(5) 1.2463(5) 
O(8) 2i -0.0870(2) 0.7326(5) 0.9721(4) 
O(9) 2i 0.3813(2) 0.7287(5) 0.7782(5) 
O(10) 2i -0.2940(2) 0.7048(5) 1.4269(4) 
O(11) 2i 0.2845(2) 0.8239(5) 0.3720(4) 
O(12) 2i 0.3455(2) 0.6124(5) 0.4450(5) 
O(13) 2i 0.1846(2) 0.7830(5) 1.1016(4) 
O(14) 2i 0.0923(2) 0.6347(5) 0.8818(4) 
O(15) 2i 0.4243(5) 0.3745(5) 0.2926(4) 
O(16) 2i 0.3519(2) 1.0978(5) 1.2939(4) 
O(17) 2i 0.0759(2) 0.5535(5) 0.3319(5) 
Rb7NdFe6O2(PO4)8, 2 
Rb(1) 2i -0.0706(1) 0.7897(1) 1.6572(1) 
Rb(2) 2i 0.3761(1) 1.0217(1) 1.6279(1) 
Rb(3) 2i 0.3255(1) 0.5622(1) 0.0976(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Nd 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1556(2) 0.8914(1) 1.0348(1) 
Fe(2) 2i 0.1646(2) 0.9072(1) 1.2435(1) 
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Fe(3) 2i 0.1580(2) 0.5749(1) 0.7221(1) 
P(1) 2i 0.2135(4) 0.6679(4) 0.4259(3) 
P(2) 2i -0.1960(4) 0.7375(4) 1.3144(3) 
P(3) 2i 0.0885(4) 0.7664(4) 0.9604(3) 
P(4) 2i 0.4415(4) 1.2453(4) 1.2133(3) 
O(1) 2i -0.3749(1) 0.7778(1) 0.9337(9) 
O(2) 2i 0.1704(1) 0.6920(1) 0.5685(9) 
O(3) 2i -0.0157(1) 0.8434(1) 1.3585(9) 
O(4) 2i -0.1795(1) 1.0863(1) 1.1087(8) 
O(5) 2i -0.2595(1) 0.8003(1) 1.2006(9) 
O(6) 2i 0.0684(1) 0.9937(1) 1.1234(1) 
O(7) 2i -0.2167(1) 0.5787(1) 1.261(2) 
O(8) 2i -0.087(1) 0.7329(1) 0.9741(1) 
O(9) 2i 0.3790(1) 0.7208(1) 0.7897(1) 
O(10) 2i -0.2939(1) 0.7194(1) 1.4344(1) 
O(11) 2i 0.2825(1) 0.8251(1) 0.3708(1) 
O(12) 2i 0.3408(1) 0.6101(1) 0.4324(1) 
O(13) 2i 0.1792(1) 0.7782(1) 1.0981(1) 
O(14) 2i 0.0866(1) 0.6325(1) 0.8779(1) 
O(15) 2i 0.4183(1) 0.3694(1) 0.2884(1) 
O(16) 2i 0.3552(1) 1.0923(1) 1.2848(1) 
O(17) 2i 0.0658(1) 0.5593(1) 0.3397(1) 
Rb7SmFe6O2(PO4)8, 3 
Rb(1) 2i -0.0712(1) 0.7906(1) 1.6575(1) 
Rb(2) 2i 0.3754(1) 1.0233(1) 1.6265(1) 
Rb(3) 2i 0.3244(1) 0.5619(1) 0.0962(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Sm 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1555(1) 0.8922(1) 1.0341(1) 
Fe(2) 2i 0.1648(1) 0.9069(1) 1.2443(1) 
Fe(3) 2i 0.1569(1) 0.5757(1) 0.7225(1) 
P(1) 2i 0.2130(1) 0.6677(1) 0.4271(1) 
P(2) 2i -0.1950(1) 0.7362(1) 1.3114(1) 
P(3) 2i 0.0889(1) 0.7670(1) 0.9611(1) 
P(4) 2i 0.4421(1) 1.2445(1) 1.2151(1) 
O(1) 2i -0.3739(5) 0.7791(1) 0.9331(4) 
O(2) 2i 0.1667(5) 0.6897(1) 0.5692(4) 
O(3) 2i -0.0155(5) 0.8426(1) 1.3573(4) 
O(4) 2i -0.1796(4) 1.0855(4) 1.1084(4) 
O(5) 2i -0.2588(5) 0.8018(1) 1.2000(4) 
O(6) 2i 0.0680(4) 0.9936(4) 1.1240(4) 
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O(7) 2i -0.2119(7) 0.5823(1) 1.2546(1) 
O(8) 2i -0.0875(5) 0.7324(4) 0.9728(4) 
O(9) 2i 0.3807(5) 0.7249(1) 0.7859(5) 
O(10) 2i -0.2931(6) 0.7165(1) 1.4316(5) 
O(11) 2i 0.2835(5) 0.8242(4) 0.3701(4) 
O(12) 2i 0.3412(6) 0.6103(1) 0.4383(5) 
O(13) 2i 0.1813(5) 0.7797(1) 1.0998(4) 
O(14) 2i 0.0867(5) 0.6326(4) 0.8789(4) 
O(15) 2i 0.4207(5) 0.3705(1) 0.2895(4) 
O(16) 2i 0.3554(5) 1.0961(1) 1.2866(5) 
O(17) 2i 0.0681(6) 0.5563(1) 0.3376(5) 
Rb7EuFe6O2(PO4)8, 4 
Rb(1) 2i -0.0720(1) 0.7908(1) 1.6572(1) 
Rb(2) 2i 0.3744(1) 1.02419(1) 1.6255(1) 
Rb(3) 2i 0.3243(1) 0.5615(1) 0.0956(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Eu 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1558(1) 0.8921(1) 1.0338(1) 
Fe(2) 2i 0.1649(1) 0.9070(1) 1.2450(1) 
Fe(3) 2i 0.1561(1) 0.5760(1) 0.7227(1) 
P(1) 2i 0.2135(3) 0.6674(2) 0.4276(2) 
P(2) 2i -0.1947(3) 0.7351(2) 1.3102(2) 
P(3) 2i 0.0893(3) 0.7673(2) 0.9617(2) 
P(4) 2i 0.4421(3) 1.2445(2) 1.2171(2) 
O(1) 2i -0.3734(1) 0.7800(2) 0.9308(2) 
O(2) 2i 0.1629(1) 0.6877(2) 0.5676(2) 
O(3) 2i -0.0163(1) 0.8429(2) 1.3572(2) 
O(4) 2i -0.1803(1) 1.0854(2) 1.1081(2) 
O(5) 2i -0.2586(1) 0.8029(2) 1.1994(2) 
O(6) 2i 0.0683(1) 0.9933(2) 1.1238(2) 
O(7) 2i -0.2092(1) 0.5822(2) 1.2521(2) 
O(8) 2i -0.0871(1) 0.7327(2) 0.9731(2) 
O(9) 2i 0.3806(1) 0.7258(2) 0.7828(2) 
O(10) 2i -0.2933(1) 0.7116(2) 1.4294(2) 
O(11) 2i 0.2833(1) 0.8237(2) 0.3709(2) 
O(12) 2i 0.3422(1) 0.6107(2) 0.4401(2) 
O(13) 2i 0.1812(1) 0.7798(2) 1.1002(2) 
O(14) 2i 0.0888(1) 0.6332(2) 0.8795(2) 
O(15) 2i 0.4204(1) 0.3713(1) 0.2903(2) 
O(16) 2i 0.3524(1) 1.0961(1) 1.2891(2) 
O(17) 2i 0.0705(1) 0.5564(1) 0.3351(2) 
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Rb7GdFe6O2(PO4)8, 5 
Rb(1) 2i -0.0712(1) 0.7913(1) 1.6576(1) 
Rb(2) 2i 0.3749(1) 1.0252(1) 1.6250(1) 
Rb(3) 2i 0.3233(1) 0.5614(1) 0.0943(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Gd 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1555(1) 0.8927(1) 1.0340(1) 
Fe(2) 2i 0.1655(1) 0.9075(1) 1.2446(1) 
Fe(3) 2i 0.1558(1) 0.5760(1) 0.7230(1) 
P(1) 2i 0.2134(3) 0.6684(2) 0.4284(2) 
P(2) 2i -0.1936(3) 0.7357(2) 1.3093(2) 
P(3) 2i 0.0889(3) 0.7671(2) 0.9614(2) 
P(4) 2i 0.4429(3) 1.2447(2) 1.2163(2) 
O(1) 2i -0.3738(1) 0.7799(1) 0.9328(1) 
O(2) 2i 0.1646(1) 0.6904(1) 0.5691(1) 
O(3) 2i -0.0138(1) 0.8441(1) 1.3580(1) 
O(4) 2i -0.1793(1) 1.0856(1) 1.1082(1) 
O(5) 2i -0.2576(1) 0.8035(1) 1.2004(1) 
O(6) 2i 0.0683(1) 0.9940(1) 1.1243(1) 
O(7) 2i -0.2079(1) 0.5831(1) 1.2517(1) 
O(8) 2i -0.0868(1) 0.7336(1) 0.9736(1) 
O(9) 2i 0.3809(1) 0.7257(1) 0.7844(1) 
O(10) 2i -0.2924(1) 0.7121(1) 1.4299(1) 
O(11) 2i 0.2834(1) 0.8249(1) 0.3715(1) 
O(12) 2i 0.3431(1) 0.6122(1) 0.4417(1) 
O(13) 2i 0.1815(1) 0.7795(1) 1.1004(1) 
O(14) 2i 0.0879(1) 0.6326(1) 0.8812(1) 
O(15) 2i 0.4220(1) 0.3718(1) 0.2887(1) 
O(16) 2i 0.3546(1) 1.0951(1) 1.2874(1) 
O(17) 2i 0.0705(1) 0.5552(1) 0.3384(1) 
Rb7DyFe6O2(PO4)8, 6 
Rb(1) 2i -0.0726(1) 0.7906(1) 1.6574(1) 
Rb(2) 2i 0.3735(1) 1.0261(1) 1.6235(1) 
Rb(3) 2i 0.32370(1) 0.5611(1) 0.0940(1) 
Rb(4) 1d -1/2 1.00000 1.00000 
Dy 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1559(1) 0.8921(1) 1.0333(1) 
Fe(2) 2i 0.1652(1) 0.9075(1) 1.2454(1) 
Fe(3) 2i 0.1549(1) 0.5763(1) 0.7231(1) 
P(1) 2i 0.2143(3) 0.6671(3) 0.4277(3) 
P(2) 2i -0.1943(3) 0.7334(3) 1.3076(3) 
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P(3) 2i 0.0897(3) 0.7677(3) 0.9619(3) 
P(4) 2i 0.4424(3) 1.2446(3) 1.2187(3) 
O(1) 2i -0.3742(1) 0.7810(1) 0.9295(1) 
O(2) 2i 0.1607(1) 0.6858(1) 0.5670(1) 
O(3) 2i -0.0170(1) 0.8434(1) 1.3583(1) 
O(4) 2i -0.1808(1) 1.0843(1) 1.1069(1) 
O(5) 2i -0.2581(1) 0.8036(1) 1.1992(1) 
O(6) 2i 0.0691(1) 0.9924(1) 1.1236(1) 
O(7) 2i -0.2048(1) 0.5832(1) 1.2480(1) 
O(8) 2i -0.0860(1) 0.7333(1) 0.9713(1) 
O(9) 2i 0.3810(1) 0.7283(1) 0.7792(1) 
O(10) 2i -0.2945(1) 0.7071(1) 1.4281(1) 
O(11) 2i 0.2838(1) 0.8227(1) 0.3715(1) 
O(12) 2i 0.3443(1) 0.6121(1) 0.4442(1) 
O(13) 2i 0.1821(1) 0.7804(1) 1.1003(1) 
O(14) 2i 0.0897(1) 0.6343(1) 0.8807(1) 
O(15) 2i 0.4232(1) 0.3724(1) 0.2904(1) 
O(16) 2i 0.3522(1) 1.0968(1) 1.2918(1) 
O(17) 2i 0.0742(1) 0.5553(1) 0.3359(1) 
Rb7HoFe6O2(PO4)8, 7 
Rb(1) 2i -0.0729(1) 0.7903(1) 1.6571(1) 
Rb(2) 2i 0.3732(1) 1.0262(1) 1.6231(1) 
Rb(3) 2i 0.3236(1) 0.5613(1) 0.0944(1) 
Rb(4) 1d -1/2 1.0000 1.0000 
Gd 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1562(1) 0.8920(1) 1.0329(1) 
Fe(2) 2i 0.16493(1) 0.9071(1) 1.2461(1) 
Fe(3) 2i 0.15454(1) 0.5766(1) 0.7230(1) 
P(1) 2i 0.2144(1) 0.6663(1) 0.4274(1) 
P(2) 2i -0.1950(1) 0.7326(1) 1.3071(1) 
P(3) 2i 0.0908(1) 0.7686(1) 0.9621(1) 
P(4) 2i 0.4423(1) 1.2444(1) 1.2204(1) 
O(1) 2i -0.3735(1) 0.7806(5) 0.9286(4) 
O(2) 2i 0.1592(1) 0.6856(6) 0.5664(4) 
O(3) 2i -0.0165(1) 0.8421(5) 1.3573(4) 
O(4) 2i -0.1808(1) 1.0838(5) 1.1069(4) 
O(5) 2i -0.2595(1) 0.8027(5) 1.1980(4) 
O(6) 2i 0.0681(1) 0.9932(5) 1.1242(4) 
O(7) 2i -0.2064(1) 0.5832(5) 1.2465(5) 
O(8) 2i -0.0858(1) 0.7334(5) 0.9718(4) 
O(9) 2i 0.3813(1) 0.7287(5) 0.7780(5) 
352 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
O(10) 2i -0.2947(1) 0.7048(5) 1.4269(4) 
O(11) 2i 0.2841(1) 0.8237(5) 0.3715(4) 
O(12) 2i 0.3448(1) 0.6123(6) 0.4458(5) 
O(13) 2i 0.1840(1) 0.7827(5) 1.1013(4) 
O(14) 2i 0.0916(1) 0.6348(5) 0.8819(4) 
O(15) 2i 0.4240(1) 0.3744(5) 0.2924(4) 
O(16) 2i 0.3520(1) 1.0984(5) 1.2939(5) 
O(17) 2i 0.0754(1) 0.5536(6) 0.3320(5) 
Rb7LuFe6O2(PO4)8, 8 
Rb(1) 2i -0.0759(1) 0.7872(1) 1.6554(1) 
Rb(2) 2i 0.3699(1) 1.0249(1) 1.6212(1) 
Rb(3) 2i 0.3270(1) 0.5615(1) 0.0961(1) 
Rb(4) 1d -1/2 1.00000 1.0000 
Lu 1h 1/2 1/2 1/2 
Fe(1) 2i -0.1580(1) 0.8902(1) 1.0306(1) 
Fe(2) 2i 0.1630(1) 0.9059(1) 1.2492(1) 
Fe(3) 2i 0.1531(1) 0.5771(1) 0.7223(1) 
P(1) 2i 0.2158(3) 0.6615(2) 0.4247(2) 
P(2) 2i -0.2011(3) 0.7268(2) 1.3045(2) 
P(3) 2i 0.0945(3) 0.7713(2) 0.9633(2) 
P(4) 2i 0.4414(3) 1.2446(2) 1.2296(2) 
O(1) 2i -0.3747(1) 0.7786(1) 0.9201(1) 
O(2) 2i 0.1478(1) 0.6730(1) 0.5587(1) 
O(3) 2i -0.0218(1) 0.8376(1) 1.3569(1) 
O(4) 2i -0.1836(1) 1.0809(1) 1.1073(1) 
O(5) 2i -0.2668(1) 0.7973(1) 1.1956(1) 
O(6) 2i 0.0655(1) 0.9915(1) 1.1250(1) 
O(7) 2i -0.2080(1) 0.5803(1) 1.2411(1) 
O(8) 2i -0.0848(1) 0.7328(1) 0.9705(1) 
O(9) 2i 0.3831(1) 0.7350(1) 0.7650(1) 
O(10) 2i -0.3024(1) 0.6939(1) 1.4251(1) 
O(11) 2i 0.2864(1) 0.8212(1) 0.3728(1) 
O(12) 2i 0.3479(1) 0.6085(1) 0.4473(1) 
O(13) 2i 0.1886(1) 0.7869(1) 1.1038(1) 
O(14) 2i 0.1012(1) 0.6396(1) 0.8848(1) 
O(15) 2i 0.4264(1) 0.3777(1) 0.3010(1) 
O(16) 2i 0.3444(1) 1.0998(1) 1.3036(1) 
O(17) 2i 0.0824(1) 0.5509(1) 0.3208(1) 
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Table 7.3. Anisotropic thermal parameters (Å
2
) for compounds 1~8. 
Rb7YFe6O2(PO4)8, 1 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.023(4) 0.039(4) 0.020(4) 0.017(3) -0.002(3) -0.004(3) 
Rb(2) 0.020(4) 0.027(4) 0.039(4) 0.008(3) 0.003(3) -0.012(3) 
Rb(3) 0.035(4) 0.018(4) 0.042(5) 0.008(3) -0.004(3) 0.003(3) 
Rb(4) 0.025(6) 0.037(6) 0.051(7) 0.013(5) 0.008(5) -0.010(5) 
Y 0.008(4) 0.008(4) 0.007(4) 0.003(3) 0.005(3) 0.001(3) 
Fe(1) 0.007(4) 0.008(4) 0.007(4) 0.003(3) 0.005(3) 0.006(3) 
Fe(2) 0.007(4) 0.008(4) 0.006(4) 0.003(3) 0.001(3) 0.006(3) 
Fe(3) 0.009(4) 0.009(4) 0.007(4) 0.004(3) 0.002(3) -0.001(3) 
P(1) 0.008(7) 0.008(7) 0.008(7) 0.003(6) 0.003(6) 0.002(6) 
P(2) 0.009(7) 0.009(7) 0.009(7) 0.004(6) 0.002(6) 0.004(6) 
P(3) 0.011(8) 0.009(7) 0.007(7) 0.005(6) 0.001(6) 0.000(6) 
P(4) 0.007(7) 0.008(7) 0.009(7) 0.002(6) -0.006(6) -0.007(6) 
O(1) 0.010(2) 0.015(2) 0.009(2) 0.001(1) -0.001(1) -0.002(1) 
O(2) 0.023(2) 0.021(2) 0.012(2) 0.014(2) 0.009(1) 0.005(1) 
O(3) 0.009(2) 0.020(2) 0.013(2) 0.003(1) 0.001(1) 0.004(1) 
O(4) 0.013(2) 0.013(2) 0.009(2) 0.006(1) 0.003(1) 0.007(1) 
O(5) 0.012(2) 0.013(2) 0.014(2) 0.007(1) 0.003(1) 0.006(1) 
O(6) 0.010(2) 0.008(1) 0.006(1) 0.002(1) -0.009(1) 0.006(1) 
O(7) 0.030(3) 0.014(2) 0.026(3) 0.014(2) 0.002(2) -0.002(1) 
O(8) 0.010(2) 0.011(2) 0.015(2) 0.0036(1) 0.003(1) 0.005(1) 
O(9) 0.010(2) 0.019(2) 0.030(3) 0.006(2) -0.003(1) -0.008(2) 
O(10) 0.015(2) 0.021(2) 0.010(2) 0.005(2) 0.004(1) 0.005(1) 
O(11) 0.014(2) 0.008(2) 0.012(2) 0.0037(1) 0.001(1) 0.004(1) 
O(12) 0.019(2) 0.025(3) 0.027(3) 0.018(2) 0.001(2) 0.002(2) 
O(13) 0.019(2) 0.015(2) 0.009(2) 0.0123(1) -0.001(1) -0.001(1) 
O(14) 0.019(2) 0.012(2) 0.011(2) 0.0063(1) 0.004(1) -0.002(1) 
O(15) 0.018(2) 0.014(2) 0.011(2) 0.0075(1) 0.001(1) -0.001(1) 
O(16) 0.020(2) 0.010(2) 0.016(2) 0.0010(1) -0.004(1) 0.001(1) 
O(17) 0.022(3) 0.017(2) 0.020(2) 0.000(2) -0.008(2) -0.021(1) 
Rb7NdFe6O2(PO4)8, 2 
Rb(1) 0.028(7) 0.044(1) 0.024(1) 0.020(1) -0.002(5) 0.001(1) 
Rb(2) 0.026(7) 0.031(1) 0.048(1) 0.008(1) 0.006(6) -0.009(1) 
Rb(3) 0.043(9) 0.023(1) 0.042(1) 0.012(1) 0.007(1) 0.006(1) 
Rb(4) 0.026(1) 0.033(1) 0.048(1) 0.013(1) 0.001(1) -0.007(1) 
Nd 0.033(1) 0.025(1) 0.025(1) 0.019(1) -0.009(4) -0.004(4) 
Fe(1) 0.013(1) 0.014(1) 0.013(1) 0.005(1) 0.007(1) 0.003(1) 
Fe(2) 0.016(1) 0.012(1) 0.011(1) 0.006(1) 0.003(1) 0.003(1) 
Fe(3) 0.015(1) 0.013(1) 0.011(1) 0.007(1) 0.005(1) 0.001(1) 
P(1) 0.017(1) 0.017(1) 0.014(1) 0.007(1) 0.002(1) 0.003(1) 
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P(2) 0.013(1) 0.019(1) 0.020(1) 0.007(1) 0.004(1) 0.009(1) 
P(3) 0.017(1) 0.016(1) 0.012(1) 0.009(1) 0.0006(1) 0.009(1) 
P(4) 0.015(1) 0.015(1) 0.023(1) 0.0096(1) 0.001(1) 0.002(1) 
O(1) 0.017(4) 0.025(5) 0.021(5) 0.005(4) 0.001(4) 0.004(4) 
O(2) 0.038(5) 0.032(5) 0.016(5) 0.025(5) 0.006(4) 0.005(4) 
O(3) 0.022(4) 0.021(5) 0.017(4) 0.012(4) -0.002(4) 0.004(4) 
O(4) 0.015(4) 0.022(5) 0.008(4) 0.009(4) 0.001(3) 0.008(3) 
O(5) 0.028(5) 0.022(5) 0.024(5) 0.016(4) 0.008(4) 0.013(4) 
O(6) 0.020(4) 0.015(4) 0.009(4) 0.009(4) 0.002(3) 0.002(3) 
O(7) 0.052(8) 0.023(6) 0.149(1) 0.022(6) -0.053(1) -0.013(1) 
O(8) 0.016(4) 0.017(4) 0.014(4) 0.004(3) 0.005(3) 0.005(3) 
O(9) 0.022(5) 0.028(5) 0.047(6) 0.015(4) -0.006(4) -0.015(1) 
O(10) 0.040(6) 0.125(1) 0.016(5) 0.046(8) 0.012(5) 0.022(1) 
O(11) 0.015(4) 0.007(4) 0.025(5) 0.000(3) 0.001(3) 0.010(3) 
O(12) 0.035(6) 0.041(6) 0.039(6) 0.032(5) 0.016(5) 0.009(5) 
O(13) 0.021(4) 0.024(5) 0.016(4) 0.017(4) 0.004(4) 0.005(4) 
O(14) 0.026(5) 0.019(5) 0.020(5) 0.012(4) 0.003(4) 0.003(4) 
O(15) 0.023(5) 0.016(5) 0.045(6) 0.006(4) 0.012(4) 0.008(4) 
O(16) 0.029(5) 0.010(4) 0.037(6) -0.002(4) -0.019(4) 0.010(4) 
O(17) 0.039(6) 0.032(6) 0.028(6) 0.001(5) -0.012(5) 0.004(5) 
Rb7SmFe6O2(PO4)8, 3 
Rb(1) 0.019(3) 0.038(4) 0.020(3) 0.0160(3) -0.001(2) -0.003(3) 
Rb(2) 0.016(3) 0.024(3) 0.044(4) 0.0047(3) 0.005(3) -0.012(3) 
Rb(3) 0.033(4) 0.015(3) 0.042(4) 0.006(3) -0.002(3) 0.005(3) 
Rb(4) 0.017(4) 0.029(5) 0.047(6) 0.009(4) -0.007(4) -0.010(4) 
Sm 0.013(2) 0.011(2) 0.015(2) 0.006(1) -0.003(1) -0.002(1) 
Fe(1) 0.004(3) 0.007(4) 0.008(4) 0.001(3) 0.001(3) 0.008(3) 
Fe(2) 0.005(4) 0.006(4) 0.008(4) 0.001(3) -0.0003(3) 0.004(3) 
Fe(3) 0.006(4) 0.005(3) 0.008(4) 0.002(3) 0.000(3) -0.000(3) 
P(1) 0.007(6) 0.007(6) 0.009(7) 0.009(5) -0.006(5) 0.001(5) 
P(2) 0.008(6) 0.009(6) 0.014(7) 0.003(5) 0.009(5) 0.057(5) 
P(3) 0.007(6) 0.007(6) 0.008(6) 0.003(5) 0.004(5) -0.011(5) 
P(4) 0.005(6) 0.006(6) 0.015(7) 0.001(5) -0.009(5) 0.002(5) 
O(1) 0.007(1) 0.018(2) 0.015(2) 0.001(1) 0.000(1) 0.014(1) 
O(2) 0.024(2) 0.019(2) 0.014(2) 0.012(1) 0.007(1) 0.060(1) 
O(3) 0.0093(1) 0.019(2) 0.012(2) 0.0042(1) 0.001(1) 0.0019(1) 
O(4) 0.0081(1) 0.0102(1) 0.0131(1) 0.005(1) 0.0023(1) 0.018(1) 
O(5) 0.0123(1) 0.0159(1) 0.014(2) 0.009(1) 0.004(1) 0.057(1) 
O(6) 0.0054(1) 0.0069(1) 0.0085(1) 0.003(1) 0.001(1) -0.001(1) 
O(7) 0.030(3) 0.012(2) 0.071(4) 0.011(2) -0.011(3) -0.007(2) 
O(8) 0.0061(1) 0.0072(1) 0.021(2) 0.0000(1) 0.0035(1) 0.005(1) 
O(9) 0.0089(1) 0.020(2) 0.037(3) 0.0071(1) -0.0062(1) -0.009(1) 
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O(10) 0.014(2) 0.054(3) 0.015(2) 0.011(2) 0.006(1) 0.016(2) 
O(11) 0.0107(1) 0.010(1) 0.014(2) -0.005(1) 0.000(1) 0.0058(1) 
O(12) 0.024(2) 0.029(2) 0.031(3) 0.019(2) 0.003(2) 0.005(2) 
O(13) 0.0153(1) 0.013(1) 0.010(1) 0.009(1) -0.002(1) -0.0001(1) 
O(14) 0.017(2) 0.009(1) 0.016(2) 0.005(1) 0.006(1) -0.003(1) 
O(15) 0.014(2) 0.013(1) 0.022(2) 0.004(1) 0.003(1) 0.002(1) 
O(16) 0.018(2) 0.011(2) 0.024(2) -0.003(1) -0.007(1) 0.006(1) 
O(17) 0.018(2) 0.019(2) 0.024(2) -0.005(1) -0.008(1) 0.001(1) 
Rb7EuFe6O2(PO4)8, 4 
Rb(1) 0.027(2) 0.041(2) 0.023(1) 0.019(1) -0.001(4) -0.002(4) 
Rb(2) 0.024(2) 0.027(2) 0.044(1) 0.008(4) 0.006(4) -0.011(4) 
Rb(3) 0.039(2) 0.018(2) 0.045(1) 0.008(4) -0.002(1) 0.004(4) 
Rb(4) 0.026(2) 0.034(2) 0.052(1) 0.013(2) 0.001(1) -0.008(7) 
Eu 0.019(2) 0.014 (2) 0.017(1) 0.009(3) -0.007(2) -0.001(2) 
Fe(1) 0.012(2) 0.009(1) 0.011(1) 0.003(1) 0.001(1) 0.000(4) 
Fe(2) 0.0121(2) 0.008(2) 0.009(1) 0.003(1) 0.000(4) 0.009(4) 
Fe(3) 0.013(2) 0.008(2) 0.010(1) 0.005 (2) 0.007(4) -0.005(4) 
P(1) 0.015(1) 0.010(1) 0.011(1) 0.004(2) 0.007(1) 0.002(1) 
P(2) 0.014(1) 0.013(1) 0.016(1) 0.007(2) 0.003(1) 0.005(1) 
P(3) 0.015(1) 0.009(1) 0.011(1) 0.006(2) 0.001(1) -0.001(1) 
P(4) 0.012(1) 0.008(1) 0.016(1) 0.002(2) -0.009(1) -0.008(1) 
O(1) 0.010(3) 0.018(3) 0.019(3) 0.003(3) -0.001(2) -0.001(2) 
O(2) 0.030(4) 0.025(3) 0.018(3) 0.018(3) 0.010(3) 0.007(2) 
O(3) 0.021(3) 0.023(3) 0.009(3) 0.011(3) 0.001(2) 0.003(2) 
O(4) 0.009(3) 0.013(3) 0.013(3) 0.002(2) 0.001(2) 0.001(2) 
O(5) 0.018(3) 0.017(3) 0.015(3) 0.012(3) 0.008(2) 0.009(2) 
O(6) 0.018(3) 0.007(3) 0.010(3) 0.003(2) 0.002(2) -0.002(2) 
O(7) 0.040(5) 0.016(3) 0.054(5) 0.020(3) -0.004(4) -0.006(3) 
O(8) 0.016(3) 0.012(3) 0.015(3) 0.004(2) 0.003(2) -0.004(2) 
O(9) 0.011(3) 0.020(3) 0.036(4) 0.006(3) -0.009(3) -0.010(3) 
O(10) 0.020(4) 0.048(4) 0.014(3) 0.013(3) 0.009(3) 0.015(3) 
O(11) 0.018(3) 0.010(3) 0.016(3) 0.002(2) 0.001(2) 0.007(2) 
O(12) 0.024(4) 0.030(4) 0.029(4) 0.021(3) 0.005(3) 0.004(3) 
O(13) 0.024(3) 0.019(3) 0.011(3) 0.013(3) 0.002(2) 0.001(2) 
O(14) 0.021(3) 0.013(3) 0.022(3) 0.008(3) 0.004(3) -0.003(2) 
O(15) 0.018(3) 0.014(3) 0.025(3) 0.007(3) 0.002(3) 0.000(2) 
O(16) 0.027(4) 0.010(3) 0.024(3) -0.002(3) -0.009(3) 0.008(2) 
O(17) 0.030(4) 0.017(3) 0.030(4) -0.002(3) -0.008(3) 0.000(3) 
Rb7GdFe6O2(PO4)8, 5 
Rb(1) 0.025(5) 0.042(4) 0.025(4) 0.018(4) -0.002(4) -0.003(4) 
Rb(2) 0.022(5) 0.028(4) 0.047(4) 0.008(4) 0.004(4) -0.012(4) 
Rb(3) 0.038(2) 0.020(4) 0.047(4) 0.008(4) -0.003(4) 0.005(4) 
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Rb(4) 0.026(3) 0.036(4) 0.053(1) 0.013(4) 0.009(4) -0.009(4) 
Gd 0.012(3) 0.012(3) 0.014(3) 0.006(2) -0.004(2) 0.000(2) 
Fe(1) 0.009(2) 0.010(4) 0.012(4) 0.003(4) 0.001(4) 0.001(4) 
Fe(2) 0.010(2) 0.010(4) 0.010(4) 0.003(4) 0.006(4) 0.001(4) 
Fe(3) 0.011(2) 0.010(4) 0.011(4) 0.004(4) -0.002(4) 0.000(4) 
P(1) 0.012(1) 0.010(1) 0.012(1) 0.004(4) -0.004(4) 0.001(4) 
P(2) 0.010(1) 0.011(1) 0.017(1) 0.004(4) 0.001(4) 0.003(4) 
P(3) 0.012(1) 0.0108(1) 0.010(1) 0.005(4) 0.006(4) -0.009(4) 
P(4) 0.009(1) 0.0103(1) 0.016(1) 0.002(4) 0.004(4) -0.007(4) 
O(1) 0.007(3) 0.016(3) 0.019(3) 0.001(2) 0.000(2) -0.001(2) 
O(2) 0.027(4) 0.024(3) 0.018(3) 0.014(3) 0.011(3) 0.007(3) 
O(3) 0.010(3) 0.021(3) 0.012(3) 0.005(3) 0.001(2) 0.002(2) 
O(4) 0.010(3) 0.014(3) 0.019(3) 0.005(2) 0.001(2) 0.001(2) 
O(5) 0.016(3) 0.019(3) 0.017(3) 0.008(3) 0.009(3) 0.010(3) 
O(6) 0.011(3) 0.011(3) 0.015(3) 0.005(2) -0.003(2) -0.001(2) 
O(7) 0.032(4) 0.016(3) 0.045(5) 0.012(3) -0.006(3) -0.005(3) 
O(8) 0.013(3) 0.009(3) 0.017(3) 0.004(2) 0.003(2) 0.000(2) 
O(9) 0.009(3) 0.019(3) 0.039(4) 0.005(3) -0.006(3) -0.007(3) 
O(10) 0.015(3) 0.027(4) 0.018(3) 0.002(3) 0.005(3) 0.007(3) 
O(11) 0.014(3) 0.012(3) 0.015(3) 0.003(2) 0.000(2) 0.006(2) 
O(12) 0.026(4) 0.028(4) 0.030(4) 0.020(3) 0.002(3) 0.003(3) 
O(13) 0.024(3) 0.016(3) 0.014(3) 0.012(3) 0.001(3) 0.000(2) 
O(14) 0.022(3) 0.015(3) 0.018(3) 0.009(3) 0.004(3) -0.005(3) 
O(15) 0.016(3) 0.020(3) 0.023(3) 0.011(3) 0.002(3) -0.002(3) 
O(16) 0.025(4) 0.016(3) 0.021(3) 0.002(3) -0.009(3) 0.004(3) 
O(17) 0.019(4) 0.021(4) 0.030(4) 0.000(3) -0.009(3) 0.000(3) 
Rb7DyFe6O2(PO4)8, 6 
Rb(1) 0.0266(4) 0.0420(4) 0.0257(4) 0.0189(4) -0.0030(5) -0.0030(3) 
Rb(2) 0.0227(4) 0.0292(4) 0.0440(4) 0.0073(4) 0.0035(5) -0.0118(3) 
Rb(3) 0.0369(4) 0.0212(4) 0.0481(4) 0.0079(4) -0.0043(4) 0.0044(3) 
Rb(4) 0.0261(1) 0.0392(2) 0.0544(3) 0.0141(4) 0.0011(4) -0.0104(3) 
Dy 0.0122(4) 0.0108(4) 0.0139(4) 0.0047(4) 0.0004(3) 0.0009(3) 
Fe(1) 0.0099(4) 0.0099(4) 0.0113(4) 0.0028(4) 0.0007(4) 0.0004(3) 
Fe(2) 0.0096(4) 0.0102(4) 0.0117(4) 0.0038(4) 0.0011(4) 0.0017(3) 
Fe(3) 0.0114(4) 0.0107(4) 0.0127(4) 0.0049(4) -0.0006(4) -0.0007(3) 
P(1) 0.0133(1) 0.0124(4) 0.0117(3) 0.0076(2) -0.0007(1) 0.0014(1) 
P(2) 0.0088(1) 0.0114(4) 0.0162(4) 0.0049(1) 0.0046(1) 0.0061(1) 
P(3) 0.0127(1) 0.0124(4) 0.0101(3) 0.0061(2) 0.0007(1) -0.0015(1) 
P(4) 0.0105(1) 0.0114(4) 0.0146(4) 0.0037(1) 0.0001(1) 0.0011(1) 
O(1) 0.011(4) 0.021(4) 0.014(4) 0.003(3) 0.001(3) -0.006(3) 
O(2) 0.023(4) 0.024(4) 0.019(4) 0.012(4) 0.007(3) 0.008(3) 
O(3) 0.014(4) 0.020(4) 0.014(4) 0.005(3) 0.002(3) 0.005(3) 
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O(4) 0.006(4) 0.016(4) 0.024(4) 0.005(3) 0.003(3) 0.001(3) 
O(5) 0.012(4) 0.016(4) 0.021(4) 0.005(3) 0.006(3) 0.009(3) 
O(6) 0.020(4) 0.007(4) 0.014(4) 0.004(3) 0.005(3) 0.000(3) 
O(7) 0.031(5) 0.010(4) 0.035(5) 0.007(4) -0.003(4) -0.009(4) 
O(8) 0.006(3) 0.008(3) 0.022(4) -0.004(3) 0.002(3) 0.003(3) 
O(9) 0.013(4) 0.024(5) 0.037(5) 0.007(4) -0.009(3) 0.002(4) 
O(10) 0.013(4) 0.022(4) 0.018(4) 0.005(3) 0.005(3) 0.004(3) 
O(11) 0.014(4) 0.008(4) 0.016(4) -0.002(3) -0.001(3) 0.003(3) 
O(12) 0.018(4) 0.027(5) 0.042(5) 0.020(4) 0.006(4) 0.003(4) 
O(13) 0.028(5) 0.023(4) 0.014(4) 0.018(4) 0.002(3) 0.008(3) 
O(14) 0.022(4) 0.012(4) 0.023(4) 0.007(3) 0.007(3) -0.001(3) 
O(15) 0.017(4) 0.016(4) 0.029(5) 0.010(3) 0.000(3) -0.002(3) 
O(16) 0.023(4) 0.009(4) 0.030(5) -0.003(4) -0.007(3) 0.009(3) 
O(17) 0.020(5) 0.019(4) 0.029(5) 0.000(4) -0.010(4) -0.002(4) 
Rb7HoFe6O2(PO4)8, 7 
Rb(1) 0.021(4) 0.038(5) 0.019(4) 0.017(3) -0.002(3) -0.004(3) 
Rb(2) 0.018(4) 0.027(4) 0.039(4) 0.007(3) 0.0044(3) -0.012(3) 
Rb(3) 0.033(4) 0.018(4) 0.042(5) 0.008(3) -0.004(3) 0.004(3) 
Rb(4) 0.022(5) 0.035(4) 0.049(4) 0.013(5) 0.001(5) -0.009(5) 
Ho 0.006(2) 0.008(2) 0.008(2) 0.004(1) 0.079(1) 0.004(1) 
Fe(1) 0.006(4) 0.008(4) 0.007(4) 0.003(3) 0.012(3) 0.009(3) 
Fe(2) 0.006(4) 0.007(4) 0.005(4) 0.002(3) 0.005(3) 0.009(3) 
Fe(3) 0.007(4) 0.007(4) 0.006(4) 0.004(4) 0.001(3) -0.005(3) 
P(1) 0.008(4) 0.008(8) 0.008(4) 0.004(6) 0.004(6) 0.001(6) 
P(2) 0.007(4) 0.008(8) 0.009(4) 0.003(6) 0.005(6) 0.001(6) 
P(3) 0.010(4) 0.009(4) 0.006(4) 0.005(4) 0.009(6) -0.006(6) 
P(4) 0.006(4) 0.007(4) 0.009(4) 0.002(4) -0.008(6) -0.006(6) 
O(1) 0.009(2) 0.016(2) 0.010(2) 0.003(1) -0.001(1) -0.002(1) 
O(2) 0.024(3) 0.024(3) 0.010(2) 0.015(2) 0.0088(1) 0.005(1) 
O(3) 0.009(2) 0.017(2) 0.011(2) 0.003(1) 0.0036(1) 0.003(1) 
O(4) 0.008(2) 0.011(2) 0.011(2) 0.003(1) 0.0010(1) 0.002(1) 
O(5) 0.012(2) 0.015(2) 0.012(2) 0.009(1) 0.0064(1) 0.006(1) 
O(6) 0.010(2) 0.009(2) 0.008(2) 0.003(1) 0.0027(1) 0.001(1) 
O(7) 0.030(3) 0.011(2) 0.026(3) 0.013(2) 0.003(2) 0.000(2) 
O(8) 0.007(2) 0.008(2) 0.015(2) 0.0013(1) 0.0045(1) 0.002(1) 
O(9) 0.008(2) 0.017(3) 0.029(3) 0.005(2) -0.0063(1) -0.006(2) 
O(10) 0.011(2) 0.020(3) 0.011(2) 0.002(1) 0.0053(1) 0.005(1) 
O(11) 0.012(2) 0.009(2) 0.012(2) 0.003(1) -0.0005(1) 0.004(1) 
O(12) 0.021(3) 0.023(3) 0.023(3) 0.019(2) 0.002(2) 0.001(2) 
O(13) 0.022(2) 0.018(2) 0.006(2) 0.016(2) -0.007(1) -0.001(1) 
O(14) 0.017(2) 0.012(2) 0.015(2) 0.007(2) 0.005(1) -0.003(1) 
O(15) 0.012(2) 0.011(2) 0.013(2) 0.0059(1) -0.009(1) -0.001(1) 
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O(16) 0.016(2) 0.009(2) 0.016(2) -0.009(1) -0.004(1) 0.003(1) 
O(17) 0.017(3) 0.020(3) 0.024(3) 0.000(2) -0.008(2) -0.003(2) 
Rb7LuFe6O2(PO4)8, 8 
Rb(1) 0.018(1) 0.035(1) 0.016(1) 0.016(4) -0.002(4) -0.003(4) 
Rb(2) 0.017(1) 0.026(1) 0.031(1) 0.008(4) 0.003(4) -0.010(4) 
Rb(3) 0.028(1) 0.017(1) 0.034(1) 0.007(4) -0.002(4) 0.003(4) 
Rb(4) 0.020(1) 0.038(1) 0.050(1) 0.012(7) -0.001(4) -0.007(4) 
Lu 0.013(3) 0.016(3) 0.013(3) 0.007(2) 0.001(2) 0.001(2) 
Fe(1) 0.004(5) 0.007(1) 0.005(1) 0.003(5) -0.002(4) 0.003(4) 
Fe(2) 0.004(1) 0.006(1) 0.004(1) 0.002(5) -0.004(4) 0.003(4) 
Fe(3) 0.005(1) 0.006(1) 0.003(5) 0.004(5) -0.007(4) -0.004(4) 
P(1) 0.006(1) 0.008(1) 0.005(1) 0.003(4) -0.0015(4) 0.002(4) 
P(2) 0.004(1) 0.008(1) 0.007(1) 0.004(4) 0.0023(4) 0.002(4) 
P(3) 0.006(1) 0.009(1) 0.003(1) 0.005(4) 0.0001(4) -0.003(4) 
P(4) 0.004(1) 0.007(1) 0.009(1) 0.002(4) -0.0014(4) 0.000(4) 
O(1) 0.007(3) 0.018(3) 0.009(3) 0.003(3) -0.002(2) 0.000(2) 
O(2) 0.014(3) 0.023(4) 0.012(3) 0.013(3) 0.006(3) 0.009(3) 
O(3) 0.009(3) 0.018(3) 0.005(3) 0.006(3) 0.000(2) 0.003(2) 
O(4) 0.005(3) 0.012(3) 0.007(3) 0.004(2) 0.002(2) 0.003(2) 
O(5) 0.013(3) 0.013(3) 0.009(3) 0.009(3) 0.005(2) 0.005(2) 
O(6) 0.006(3) 0.008(3) 0.007(3) 0.004(2) 0.001(2) 0.001(2) 
O(7) 0.025(4) 0.013(3) 0.020(3) 0.014(3) 0.007(3) 0.003(3) 
O(8) 0.006(3) 0.008(3) 0.010(3) 0.001(2) 0.002(2) 0.000(2) 
O(9) 0.006(3) 0.017(3) 0.024(4) 0.007(3) -0.005(3) -0.008(3) 
O(10) 0.007(3) 0.022(3) 0.006(3) 0.003(3) 0.005(2) 0.004(2) 
O(11) 0.012(3) 0.007(3) 0.013(3) 0.004(2) 0.002(2) 0.007(2) 
O(12) 0.015(3) 0.024(4) 0.023(3) 0.020(3) 0.000(3) 0.002(3) 
O(13) 0.014(3) 0.016(3) 0.004(3) 0.012(3) -0.002(2) -0.001(2) 
O(14) 0.014(3) 0.010(3) 0.013(3) 0.005(3) 0.003(2) -0.004(2) 
O(15) 0.011(3) 0.010(3) 0.014(3) 0.004(3) 0.002(2) -0.002(2) 
O(16) 0.011(3) 0.009(3) 0.012(3) 0.000(3) -0.003(2) 0.003(2) 
O(17) 0.013(3) 0.016(4) 0.018(3) -0.005(3) -0.008(3) -0.002(3) 
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Table 7.4. Selected bond distances and angles for compounds 1~8. 
 1 2 3 4 
Fe(1)O6     
Fe(1)−O(1) 2.001(4) Å 1.997(2) Å 2.003(4) Å 1.994(6) Å 
Fe(1)−O(4) 2.122(4) Å 2.138(2) Å 2.129(4) Å 2.129(6) Å 
Fe(1)−O(5) 2.008(4) Å 2.015(2) Å 2.003(4) Å 2.002(6) Å 
Fe(1)−O(6)a 1.971(4) Å 1.970(2) Å 1.977(4) Å 1.972(6) Å 
Fe(1)−O(6) 1.993(4) Å 1.993(4) Å 1.990(4) Å 1.990(6) Å 
Fe(1)−O(8) 2.034(4) Å 2.018(2) Å 2.031(4) Å 2.027(6) Å 
Fe(2)O5     
Fe(2)−O(3) 1.952(4) Å 1.960(4) Å 1.956(4) Å 1.957(6) Å 
Fe(2)−O(6) 1.896(4) Å 1.890(4) Å 1.897(4) Å 1.894(6) Å 
Fe(2)−O(11)b 2.036(4) Å 2.038(4) Å 2.037(4) Å 2.034(6) Å 
Fe(2)−O(13) 1.933(4) Å 1.944(4) Å 1.938(4) Å 1.936(6) Å 
Fe(2)−O(16) 1.922(5) Å 1.902(4) Å 1.924(4) Å 1.912(6) Å 
Fe(3)O5     
Fe(3)−O(2) 1.917(4) Å 1.946(1) Å 1.916(4) Å 1.919(6) Å 
Fe(3)−O(7)c 1.868(4) Å 1.886(4) Å 1.860(5) Å 1.851(7) Å 
Fe(3)−O(9) 1.988(5) Å 1.970(4) Å 1.982(4) Å 1.978(6) Å 
Fe(3)−O(14) 1.882(4) Å 1.926(1) Å 1.889(4) Å 1.879(6) Å 
Fe(3)−O(17)d 1.962(5) Å 1.968(1) Å 1.945(5) Å 1.949(7) Å 
LnO6     
Ln−O(10)c,e x 2 2.268(4) Å 2.309(1) Å 2.313(5) Å 2.293(6) Å 
Ln−O(12)f x 2 2.213(4) Å 2.273(1) Å 2.255(5) Å 2.241(6) Å 
Ln−O(15) f x 2 2.272(4) Å 2.328(1) Å 2.318(4) Å 2.304(6) Å 
P(1)O4     
P(1)−O(2) 1.549(4) Å 1.536(4) Å 1.545(4) Å 1.536(6) Å 
P(1)−O(11) 1.536(4) Å 1.527(4) Å 1.532(4) Å 1.531(6) Å 
P(1)−O(12) 1.526(4) Å 1.520(1) Å 1.527(5) Å 1.524(7) Å 
P(1)−O(17) 1.511(5) Å 1.501(1) Å 1.509(4) Å 1.511(7) Å 
P(2)O4     
P(2)−O(3) 1.555(5) Å 1.558(1) Å 1.550(4) Å 1.544(7) Å 
P(2)−O(5) 1.530(4) Å 1.519(4) Å 1.520(4) Å 1.528(6) Å 
P(2)−O(7) 1.532(5) Å 1.552(4) Å 1.540(5) Å 1.541(7) Å 
P(2)−O(10) 1.520(4) Å 1.511(1) Å 1.519(5) Å 1.510(6) Å 
P(3)O4     
P(3)−O(4)a 1.539(4) Å 1.531(4) Å 1.539(4) Å 1.540(6) Å 
P(3)−O(8) 1.536(4) Å 1.526(4) Å 1.529(4) Å 1.529(6) Å 
P(3)−O(13) 1.550(4) Å 1.538(4) Å 1.552(4) Å 1.545(6) Å 
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P(3)−O(14) 1.530(4) Å 1.522(4) Å 1.526(4) Å 1.527(7) Å 
P(4)O4     
P(4)−O(1)a 1.543(4) Å 1.548(1) Å 1.541(4) Å 1.522(6) Å 
P(4)−O(9)g 1.533(5) Å 1.523(4) Å 1.534(4) Å 1.534(7) Å 
P(4)−O(15)h 1.526(4) Å 1.512(1) Å 1.519(4) Å 1.535(6) Å 
P(4)−O(16) 1.557(5) Å 1.579(1) Å 1.551(4) Å 1.557(6) Å 
Fe(1)a–O(6)–Fe(1) 92.9(1)° 92.8(3)° 92.5(1)° 92.7(4)° 
Fe(1)–O(6)–Fe(2) 126.3(1)° 126.2(3)° 126.5(1)° 126.5(4)° 
Fe(1)a–O(6)–Fe(2) 128.8(1)° 128.9(3)° 128.6(1)° 128.9(4)° 
(a) –x, –y + 2, –z + 2; (b) x, y, z + 1; (c) –x, –y + 1, –z + 2; (d) –x, –y + 1, –z + 1; (e) x + 
1, y, z – 1; (f) –x + 1, –y + 1, –z + 1; (g) –x + 1, –y + 2, –z + 2; (h) x, y + 1, z + 1. 
 
Table 7.4. Selected bond distances and angles for compounds 1~8 cont… 
 5 6 7 8 
Fe(1)O6     
Fe(1)−O(1) 1.988(6) Å 1.999(7) Å 1.998(4) Å 2.010(6) Å 
Fe(1)−O(4) 2.122(6) Å 2.120(8) Å 2.116(4) Å 2.120(6) Å 
Fe(1)−O(5) 1.999(6) Å 2.005(7) Å 2.000(4) Å 2.015(6) Å 
Fe(1)−O(6)a 1.972(6) Å 1.972(7) Å 1.975(4) Å 1.978(6) Å 
Fe(1)−O(6) 2.000(6) Å 1.994(8) Å 1.992(4) Å 1.983(6) Å 
Fe(1)−O(8) 2.025(6) Å 2.035(8) Å 2.033(4) Å 2.036(6) Å 
Fe(2)O5     
Fe(2)−O(3) 1.954(6) Å 1.973(8) Å 1.956(4) Å 1.950(6) Å 
Fe(2)−O(6) 1.892(6) Å 1.882(8) Å 1.895(4) Å 1.896(6) Å 
Fe(2)−O(11)b 2.031(6) Å 2.042(8) Å 2.034(4) Å 2.042(6) Å 
Fe(2)−O(13) 1.938(6) Å 1.944(8) Å 1.932(4) Å 1.928(6) Å 
Fe(2)−O(16) 1.907(7) Å 1.912(8) Å 1.927(5) Å 1.925(6) Å 
Fe(3)O5     
Fe(3)−O(2) 1.921(7) Å 1.916(8) Å 1.921(5) Å 1.912(6) Å 
Fe(3)−O(7)c 1.853(7) Å 1.850(9) Å 1.868(5) Å 1.866(7) Å 
Fe(3)−O(9) 1.983(6) Å 1.983(8) Å 1.987(5) Å 1.996(6) Å 
Fe(3)−O(14) 1.895(6) Å 1.884(8) Å 1.884(4) Å 1.881(6) Å 
Fe(3)−O(17)d 1.952(7) Å 1.965(8) Å 1.961(5) Å 1.968(7) Å 
LnO6     
Ln−O(10)c,e x 2 2.296(7) Å 2.271(7) Å 2.266(5) Å 2.174(6) Å 
Ln−O(12)f x 2 2.242(6) Å 2.223(8) Å 2.218(4) Å 2.147(6) Å 
Ln−O(15) f x 2 2.316(6) Å 2.299(8) Å 2.272(4) Å 2.181(6) Å 
P(1)O4     
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P(1)−O(2) 1.542(7) Å 1.543(8) Å 1.547(5) Å 1.535(6) Å 
P(1)−O(11) 1.531(7) Å 1.524(9) Å 1.538(5) Å 1.537(6) Å 
P(1)−O(12) 1.530(6) Å 1.522(7) Å 1.521(5) Å 1.523(6) Å 
P(1)−O(17) 1.503(6) Å 1.494(8) Å 1.511(5) Å 1.522(6) Å 
P(2)O4     
P(2)−O(3) 1.558(6) Å 1.547(8) Å 1.553(5) Å 1.557(6) Å 
P(2)−O(5) 1.524(7) Å 1.532(8) Å 1.530(5) Å 1.530(6) Å 
P(2)−O(7) 1.537(7) Å 1.535(9) Å 1.531(4) Å 1.530(7) Å 
P(2)−O(10) 1.513(6) Å 1.522(8) Å 1.521(4) Å 1.527(6) Å 
P(3)O4     
P(3)−O(4)a 1.536(6) Å 1.539(8) Å 1.539(5) Å 1.542(6) Å 
P(3)−O(8) 1.520(6) Å 1.521(8) Å 1.525(4) Å 1.527(6) Å 
P(3)−O(13) 1.551(6) Å 1.543(8) Å 1.549(4) Å 1.551(6) Å 
P(3)−O(14) 1.526(6) Å 1.518(8) Å 1.523(4) Å 1.521(6) Å 
P(4)O4     
P(4)−O(1)a 1.527(7) Å 1.535(9) Å 1.527(4) Å 1.537(6) Å 
P(4)−O(9)g 1.546(6) Å 1.534(8) Å 1.532(5) Å 1.536(6) Å 
P(4)−O(15)h 1.516(6) Å 1.512(9) Å 1.543(4) Å 1.532(6) Å 
P(4)−O(16) 1.557(7) Å 1.559(8) Å 1.553(5) Å 1.552(6) Å 
Fe(1)a–O(6)–Fe(1) 92.5(1)° 92.7(6)° 92.8(4)° 93.2(5)° 
Fe(1)–O(6)–Fe(2) 126.6(2)° 126.8(5)° 126.5(4)° 126.8(2)° 
Fe(1)a–O(6)–Fe(2) 128.4(2)° 129.3(6)° 128.8(5)° 128.4(5)° 
(a) –x, –y + 2, –z + 2; (b) x, y, z + 1; (c) –x, –y + 1, –z + 2; (d) –x, –y + 1, –z + 1; (e) x + 
1, y, z – 1; (f) –x + 1, –y + 1, –z + 1; (g) –x + 1, –y + 2, –z + 2; (h) x, y + 1, z + 1. 
 
Results and Discussion 
Crystal Structure: Rb7LnFe6O2(PO4)8 series was isolated in a very high yields 
using high temperature solid-state molten-salt methodia. The title cmpounds isomorphic 
derivatives crystalize in triclinic space group P-1 (no.2); Z = 1. The crystallographic data 
for the compounds research here (1~8) are given in Table 7.1. Atomic parameters and 
anisotrophic thermal parameters are included in Table 7.2 and 7.3 while Table 7.4 
summarizes the selected bonds distances and angles for the title compounds (1~8). 
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Rb7LnFe6O2(PO4)8 series form a 3-D framework is comprehended of LnO6 octahedral, 
FeO5 trigonal bipyramidal (tbp), and µ3-oxo [Fe4O18] tetrameric units interconnected 
through PO4 tetrahedra. Figure 7.3 shows a perspective view of 5 along the a-axis. There 
are two distinct pseudo-one-dimensional channels seen along this view where Rb
+
 cations 
reside. Also, the [Fe4O18] units are observed centering around the points of inversion at 
the corners of the primitive cell and are connected to the GdO6 octahedra via PO4 
tetrahedra. As shown in the detailed drawing (Fig. 7.4), the GdO6 octahedral unit is 
completely capped by six PO4 tetrahedra through which the distorted Fe(3)O5 tbp units 
are interconnected with [Fe4O18]. The latter is comprised of two μ3-oxo oxygen atoms, 
O(6), shared between the Fe2O10 dimer, which is made of two edge-sharing Fe(1)O6 
octahedra, and two distorted Fe(2)O5 tbp units, one on each side, via vertices. As shown 
in Table 7.4, the bond distances and angles of the corresponding LnO6, FeOn (n = 5, 6) 
and PO4 units are well within the expected range. In 5, for instance, the oct Fe(1)−O bond 
distances range from 1.972(6) Å to 2.129(4) Å, comparable to the sum of the Shannon 
crystal radii,
8
 1.995 Ǻ, for a high-spin, 6-coordinate Fe3+ and O2-. The distorted Fe(2)O5 
and Fe(3)O5 tbp units adopt shorter bond distances ranging from 1.892(6) Å to 2.031(6) 
Å and 1.850(9) Å to 1.983(6) Å, respectively, comparable to the expected sum of the 
Shannon crystal radii, 1.93 Ǻ, for a 5-coordinate Fe3+ and O2-. The observed Ln–O 
distances in 1~8 are also in close comparison with the calculated Shannon crystal radii 
for 6-coordinate Ln
3+
 and O
2
, where average Ln
3+–O distances for 1~8 are 2.251(4), 
2.303(2), 2.295(6), 2.279(6), 2.284(6), 2.264(7), 2.252(5) and 2.167(6) Å respectively. 
The calculated 6-coordinated Ln
3+–O distances based on Shannon crystal radii are as 
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follows: Y
3+–O is 2.250(2) Å, Nd3+–O is 2.333(2) Å, Sm3+–O is 2.308(2) Å, Eu3+–O is 
2.297(2) Å, Gd
3+–O is 2.288(2) Å, Dy3+–O is 2.262(2) Å, Ho3+–O is 2.251(2) Å and 
Lu
3+–O is 2.211(2) Å. Since, through Fe–O–Fe super-exchange pathways, 3d-3d 
magnetic interactions are expected to be relatively strong compared to 3d-4f, it is 
intuitively important to take into account the Fe–Fe bond distances and especially the 
Fe–O–Fe bond angles in the analysis of magnetic properties, see below. In 5, the Fe–
O–Fe bond angles within the [Fe4O18] units are 92.6(2)° for the Fe(1)–O(6)–Fe(1) of 
the dimer and 126.6(3)° to 128.4(3)° for the Fe(1)–O(6)–Fe(2) between the dimer and 
the Fe(2)O5 tbp unit. As seen in Tables 7.4 , the variation for the critical bond distances 
and bond angles within the [Fe4O18] unit is negligible among the derivatives suggesting 
that the magnetic interactions attributed to the Fe
3+
 ions could be closely comparable in 
the series. 
As shown in Fig. 7.5, O(3), O(13), and O(16) in Fe(2)O5 are in the equatorial 
positions with O(6) and O(11) in the axial positions. In relation to 5, the observed axial 
bond angle of O(6)–Fe(2)–O(11) ranges from 174.5(3)° to 176.1(3)° and the sum of the 
equatorial bond angles, Oeq–Fe(3)–Oeq, ranges from 359.4(5)° to 359.6(6)°. In Fe(3)O5, 
O(2), O(7) and O(14) reside in the equatorial positions with O(9) and O(17) in the axial 
positions. The axial bond angle of O(9)–Fe(3)–O(17) ranges from 173.7(4)° to 
174.6(3)° and the sum of the equatorial bond angles, Oeq–Fe(3)–Oeq, ranges from 
360.0(5)° to 360.0(1)°. It is apparent that the distortion is primarily associated with the 
axial bonds where in Fe(2)O5 there is one short, 1.892(6) Å, and one long, 2.031(6) Å, 
bond. In Fe(3)O5, there are two long axial bonds, 1.983(6) Å and 1.952(7) Å.  
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Figure 7.3. Perspective view along the a-axis showing the pseudo-one-dimensional 
channels where the Rb
+
 cations reside. The color code of circles is the same throughout 
the report. 
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Figure 7.4. Partial structures showing a completely capped GdO6 octahedral unit 
(outlined in purple polyhedron) with PO4 tetrahedra that interlink the [Fe4O18] and 
[FeO5] units. In the former, the μ3-oxo oxygen atoms, O(6), connect the dimeric unit 
made of edge-shared Fe(1)O6 octahedra with two, one on each side, Fe(2)O5 units, see 
text. 
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Magnetic Properties: In our analysis, a comparative study for the magnetic 
properties of the compound series of phosphates was employed. The study was carried 
out in reference to the Gd derivative, in which the orbital contribution of the lanthanide 
ion, Gd
3+
 in this case, is quenched. The justification for this indirect approach is that, in a 
coupled system containing an orbitally degenerate lanthanide ion and an orbitally 
nondegenerate transition-metal ion, the magnetism is complicated by multiple factors, 
including the single-ion effect of Ln
3+
 and the coupling between the two ions. 
Unfortunately, no simple model has thus far been developed to unravel the individual 
contributions. In the title series, Sm
3+
 and Dy
3+
 have S = 5/2 and L = 5, and Gd
3+
 has S = 
7/2 and L = 0. Although Sm
3+
 and Dy
3+
 are electronic congeners, the ground state J (total 
angular momentum) would consist of L− S for Sm3+ and L + S for Dy3+ based on Hund’s 
third rule. Because of quenched orbital momentum in Gd
3+
, 5 is employed as an “internal 
Figure 7.5. The coordination geometry of the distorted Fe(2,3)O5 tbp units in 5. The 
axial angles of O(6)−Fe(2)−O(11) and O(9)−Fe(3)−O(17) are 176.5(3)o and 
174.6(3)
o
, respectively. 
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reference” in our comparative study, and we expect to observe differences stemming 
predominantly from the spin-orbit contributions of Ln
3+
.
9
 with unquenched orbital 
momentum. Furthermore, all of these expectations are based on the assumption that the 
magnetic interactions within Fe–O sublattice remain unchanged throughout the series. 
Subsequently, the magnetic interactions involving the Ln
3+ 
ions with the Fe–O sublattice 
may possibly be revealed through systematic studies. 
Although the comparative studies seem to overlook the complexity of magnetic 
interactions, it is a valid approach for the preliminary magnetic investigations. In fact, it 
has reportedly been employed by Kahn et. al. on a molecular magnetic system
10
 where 
the nearest neighbor interaction is predominately intra-molecular among the 3d and 4f 
ions. In the title series, because of the structural separation via closed-shell, nonmagnetic 
phosphate anions, the coupling between the magnetic units, including 3d and 4f, is 
expected to be weak. This seemingly simplifies the magnetic interactions and makes the 
comparative study acceptable in solids with a compact structure like this. Given the 
structural similarity of the title series, we further realize that the nature of the 3d-4f 
magnetic interactions in question could be largely identical. Intrinsically, however, spin 
interactions between 3d and 4f ions could result from a charge-transfer process in which 
spin orientation is maintained to maximize multiplicity. If the spin is maintained in this 
type of mechanism, the magnetic interactions between the 3d and 4f ions would be 
weakly ferromagnetic. 
The above mentioned charge transfer mechanism was reportedly proposed to 
account for the ferromagnetic nature, in terms of spin, of the 3d-4f interactions in a 
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[Ln2Cu4] cluster system. It suggests that the spin states between 3d (Cu
2+
, d
9
) and 4f 
(Ln
3+
) are always ferromagnetic; however, with lanthanides containing less than a half-
filled f shell, the spin and orbital momenta couple anti-parallel (L – S) leading to an 
overall antiferromagnetic (AFM) interaction between 3d and 4f ions. With lanthanides 
containing more than a half-filled f shell, the spin and orbital momenta are paired parallel 
(L + S) leading to an overall ferromagnetic (FM) interaction. 
Figure 7.6 shows the magnetic susceptibility, χ, versus temperature, T, of the 
series with the applied magnetic field, H, of 0.01 T. The samples exhibit 
antiferromagnetic-like deviations from Curie behavior in H = 0.01 and 0.5 T (as shown 
by the χ-1 vs. T plots for Ln = Gd in Fig. 7.7). The inset shows, over a wide temperature 
range, a slight decrease in magnetic moment with decreasing temperatures suggesting an 
intra-cluster antiferromagnetic ordering. Further analysis proved that experimental 
magnetic moments are 14.5 µB for 3, 16.5 µB for 5, and18.0 µB for 6 and they are lower 
than the expected values suggest significant local antiferromagnetic interations at higher 
temperatures. Similar behavior was reported in A2Fe2O(AsO4)2.
11
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Figure 7.6. χ versus T for 3, 5, and 6. The insets show µ versus T and χT versus T plots. 
All three compounds show antiferromagnetic deviations from Curie behavior over the 
entire temperature range (2‒300 K) at 100 Oe.  
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Figure 7.7. Temperature-dependent magnetic susceptibility (χ) and χ-1 of 5 at two 
magnetic fields, 0.01 T (squares) and 0.5 T (circles). 
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Synthesis and Structure Characterization of Cs6KLnFe6O2(AsO4)8 Ln = Pr, Nd, Sm, Eu, 
Gd, Dy, Yb) 
Synthesis of Cs6KLnFe6O2(AsO4)8 (Ln = Pr, Nd, Sm, Eu, Gd, Dy, Yb) Series: 
Cs6KLnFe6O2(AsO4)8 (Ln = Pr, Nd, Sm, Eu, Gd, Dy, Yb) series of compounds were 
investigated in an attempt to grow arsenate derivatives of Rb7LnFe6O2(PO4)8 compounds. 
Similar to Rb7LnFe6O2(PO4)8 series, Cs6KGdFe6O2(AsO4)8 was synthesized by 
employing a molten-salt reaction in a fused silica ampoule under vacuum. KO2, Gd2O3, 
Fe2O3, As2O5, CsCl and CsI were mixed and ground in a nitrogen-purged dry box. 
Approximately 0.2 g of the oxides were mixed in a 2:1:1:1 molar ratio with 0.6 g of a 
CsCl/CsI (50:50 mol%) salt flux. The reaction mixture was sealed in an evacuated fused-
silica ampoule and then heated to 505 °C at 1°C min
-1
, isothermed for four days, heated 
to 800 °C at 1°C min
-1
, isothermed for two additional days, slowly cooled to 300 °C at 
0.1 °C min
-1
, and then furnace-cooled to room temperature. The crystalline phase was 
retrieved from the flux by washing with deionized water using a suction filtration 
method. Red quadrilateral single crystals of Cs6KGdFe6O2(AsO4)8 were isolated. The 
crystals of Cs6KGdFe6O2(AsO4)8 were the only single crystalline phase in the reaction, 
with a yield of almost 100%. All other derivatives of Cs6KGdFe6O2(AsO4)8 
(Cs6KLnFe6O2(AsO4)8 Ln = Pr, Nd, Sm, Eu, Dy, Yb) can also be synthesized using a 
similar reaction condition with a very high yield ~100 %. The PXRD patterns for 
Cs6KLnFe6O2(AsO4)8 series were collected after washing the reactions thoroughly, 
Figure 7.8. However stoichiometric attempt reactions have thus far been unsuccessful for 
1~7 Ln(III)-derivatives. 
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Single Crystal X−ray Diffraction (SXRD): Single crystal solutions for 
Cs6KGdFe6O2(AsO4)8 series was determined in the same manner as described above. The 
crystallographic data, atomic coordinates and selected bond distances and angles are 
reported in Tables 7.5, 7.6 and 7.7. 
Table 7.5. Crystallographic data for 1~7. 
empirical formula Cs6KPrFe6O2(AsO4)8 , 1 
FW 2423.9 
crystal system Monoclinic 
crystal dimension, mm 0.31 x 0.14 x 0.11 
space group, Z C2/c (No. 1), 4 
T, °C 27 
a, Å 14.358(3) 
b, Å 14.948(3) 
c, Å 18.148(4) 
β, ° 111.95(3) 
V, Å
3
 3612.8(1) 
μ (Mo Kα), mm-1 17.113 
dcalc, g cm
-3
 4.456 
data/restraints/parameters 3194/0/254 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0521/0.1347/1.153 
largest diff. peak/hole, e/ Å
3
 3.051/-2.340 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.0806 P)
2
 + 43.0177 P] for 1. 
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Table 7.5. Crystallographic data for 1~7 cont…. 
a
R = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0641 P)2 + 145.513 P] for 2, w = 1 / 
[σ2(Fo2) + (0.0599 P)2 + 45.7921 P] for 3; w = 1 / [σ2(Fo2) + (0.0602 P)2 + 85.0466 P] for 4. 
 
empirical formula Cs6KNdFe6O2(AsO4)8, 2 Cs6KSmFe6O2(AsO4)8, 3 Cs6KEuFe6O2(AsO4)8, 4 
FW 2459.2 2465.37 2466.98 
crystal system Monoclinic Monoclinic Monoclinic 
crystal dimension, mm 0.30 x 0.12 x 0.08 0.33 x 0.10 x 0.10 0.21 x 0.10 x 0.08 
space group, Z C2/c (No. 1), 4 C2/c (No. 1), 4 C2/c (No. 1), 4 
T, °C 27 27 27 
a, Å 14.358(3) 14.351(3) 14.344(3) 
b, Å 14.929(3) 14.908(3) 14.910(3) 
c, Å 18.143(4) 18.138(4) 18.126(4) 
β, ° 112.00(3) 112.09(3) 112.06(3) 
V, Å
3
 3603.1(1) 3595.6(1) 3592.7(1) 
μ (Mo Kα), mm-1 17.256 17.481 17.606 
dcalc, g cm
-3
 4.534 4.554 4.561 
data/restraints/parameters 3186/ 0/ 254 3181 / 0 / 254 3178 / 0 / 254 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0527/0.1294/1.145 0.0481/0.1233/1.286 0.0501/0.1261/1.191 
largest diff. peak/hole, e/ Å
3
 2.542/-1.901 2.381/-2.527 2.651/-2.078 
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Table 7.5. Crystallographic data for 1~7 cont…. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + (0.0543 P)2 + 50.3204 P] for 5, w = 1 / 
[σ2(Fo2) + (0.0782 P)2 + 18.2541 P] for 6; w = 1 / [σ2(Fo2) + (0.125P)2 + 46.1245 P] for 7. 
empirical formula Cs6KGdFe6O2(AsO4)8, 5 Cs6KDyFe6O2(AsO4)8, 6 Cs6KYbFe6O2(AsO4)8, 7 
FW 2423.9 2445.52 2465.37 
crystal system Monoclinic Monoclinic Monoclinic 
crystal dimension, mm 0.31 x 0.12 x 0.11 0.18 x 0.12 x 0.08 0.32 x 0.11 x 0.07 
space group, Z C2/c (No. 1), 4 C2/c (No. 1), 4 C2/c (No. 1), 4 
T, °C 27 27 27 
a, Å 14.333(3) 14.332(3) 14.339(3) 
b, Å 14.892(3) 14.866(3) 14.891(3) 
c, Å 18.122(4) 18.091(4) 18.096(4) 
β, ° 112.03(3) 112.12(3) 112.08(3) 
V, Å
3
 3585.7 (1) 3570.8 (1) 3580.4(1) 
μ (Mo Kα), mm-1 17.734 18.043 18.043 
dcalc, g cm
-3
 4.520 4.549 4.616 
data/restraints/parameters 3171 / 0 / 254 3151 / 6 / 254 3158 / 6 / 254 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0430/0.1078/1.140 0.0967/0.2403/1.136 0.0568/0.1447/1.096 
largest diff. peak/hole, e/ Å
3
 2.757/-2.387 6.862/-3.567 3.302/-4.320 
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Table 7.6. Atomic parameters for 1~7. 
Atom Wyck. x y z 
Cs6KPrFe6O2(AsO4)8, 1 
Cs(1) 8f -0.2205(6) 0.0893(6) 0.5338(5) 
Cs(2) 8f -0.1674(6) -0.1829(5) 0.6658(5) 
Cs(3) 8f -0.1771(6) 0.3455(5) 0.6945(5) 
K 4e 0 -0.4246(3) 3/4 
Pr 4e 0 0.0693(6) 3/4 
Fe(1) 8f -0.5348(1) 0.0396(1) 0.4210(9) 
Fe(2) 8f -0.1585(1) -0.0996(1) 0.4118(9) 
Fe(3) 8f -0.4366(1) 0.1976(1) 0.5772(9) 
As(1) 8f -0.2791(8) 0.0775(7) 0.7197(7) 
As(2) 8f -0.0032(8) 0.2477(7) 0.6060(7) 
As(3) 8f -0.0392(8) 0.0826(7) 0.4034(7) 
As(4) 8f -0.3603(8) -0.1026(7) 0.4616(7) 
O(1) 8f -0.4567(6) 0.0783(5) 0.5303(5) 
O(2) 8f -0.1457(5) 0.0262(5) 0.3938(4) 
O(3) 8f -0.2415(5) -0.1232(6) 0.4696(5) 
O(4) 8f -0.3711(6) 0.0008(5) 0.6870(5) 
O(5) 8f -0.2786(6) 0.1079(5) 0.8092(5) 
O(6) 8f 0.0113(6) 0.3529(5) 0.6376(5) 
O(7) 8f -0.4054(5) -0.0105(5) 0.4078(4) 
O(8) 8f -0.0845(6) 0.2460(5) 0.5102(5) 
O(9) 8f 0.0227(6) 0.0291(5) 0.3538(5) 
O(10) 8f -0.1689(6) 0.0405(6) 0.7201(5) 
O(11) 8f -0.4321(6) -0.1905(5) 0.4142(5) 
O(12) 8f -0.0555(7) 0.1879(5) 0.6578(5) 
O(13) 8f -0.0769(6) 0.1849(5) 0.3631(5) 
O(14) 8f -0.3483(6) -0.0908(5) 0.5568(5) 
O(15) 8f -0.3081(6) 0.1688(5) 0.6617(5) 
O(16) 8f 0.0326(6) 0.0953(6) 0.4996(5) 
O(17) 8f 0.1125(6) 0.2068(6) 0.6245(5) 
Cs6KNdFe6O2(AsO4)8, 2 
Cs(1) 8f -0.2202(7) 0.0891(6) 0.5339(5) 
Cs(2) 8f -0.1674(7) -0.1828(6) 0.6659(5) 
Cs(3) 8f -0.1768(7) 0.3453(6) 0.6943(5) 
K 4e 0 -0.4237(4) 3/4 
Nd 4e 0 0.06901(6) 3/4 
Fe(1) 8f -0.5349(1) 0.0398(1) 0.4211(1) 
Fe(2) 8f -0.1585(1) -0.0995(1) 0.4119(1) 
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Fe(3) 8f -0.4366(1) 0.1976(1) 0.5777(1) 
As(1) 8f -0.2788(9) 0.0777(8) 0.7199(7) 
As(2) 8f -0.0029(9) 0.2475(8) 0.6061(7) 
As(3) 8f -0.0394(9) 0.08247(8) 0.4030(7) 
As(4) 8f -0.3604(9) -0.1026(8) 0.4616(7) 
O(1) 8f -0.4565(7) 0.0793(5) 0.5309(5) 
O(2) 8f -0.1471(6) 0.0268(6) 0.3932(5) 
O(3) 8f -0.2416(7) -0.1226(7) 0.4693(5) 
O(4) 8f -0.3696(7) 0.0006(6) 0.6870(5) 
O(5) 8f -0.2789(6) 0.1076(6) 0.8096(5) 
O(6) 8f 0.0091(7) 0.3535(5) 0.6373(5) 
O(7) 8f -0.4052(6) -0.0102(5) 0.4080(5) 
O(8) 8f -0.0866(7) 0.2454(6) 0.5094(5) 
O(9) 8f 0.0217(7) 0.0287(6) 0.3537(6) 
O(10) 8f -0.1683(7) 0.0410(7) 0.7199(6) 
O(11) 8f -0.4319(7) -0.1903(6) 0.4135(5) 
O(12) 8f -0.0547(8) 0.1872(6) 0.6579(6) 
O(13) 8f -0.0781(7) 0.1839(5) 0.3632(5) 
O(14) 8f -0.3475(7) -0.0908(6) 0.5571(5) 
O(15) 8f -0.3088(7) 0.1687(5) 0.6610(5) 
O(16) 8f 0.0340(7) 0.0947(6) 0.4990(6) 
O(17) 8f 0.1132(7) 0.2078(6) 0.6246(6) 
Cs6KSmFe6O2(AsO4)8, 3 
Cs(1) 8f -0.2195(6) 0.0888(5) 0.5343(5) 
Cs(2) 8f -0.1673(6) -0.1825(5) 0.6661(5) 
Cs(3) 8f -0.1765(5) 0.3449(5) 0.6940(4) 
K 4e 0 -0.4229(3) 3/4 
Sm 4e 0 0.0687(5) 3/4 
Fe(1) 8f -0.5350(1) 0.03961(1) 0.4208(9) 
Fe(2) 8f -0.1588(1) -0.0999(1) 0.4123(9) 
Fe(3) 8f -0.4362(1) 0.1980(1) 0.5777(9) 
As(1) 8f -0.2778(8) 0.0779(7) 0.7200(6) 
As(2) 8f -0.0021(8) 0.2473(7) 0.6060(6) 
As(3) 8f -0.0395(8) 0.0820(7) 0.4021(6) 
As(4) 8f -0.3608(8) -0.1029(7) 0.46170(6) 
O(1) 8f -0.4564(6) 0.0798(5) 0.5312(4) 
O(2) 8f -0.1464(5) 0.0256(5) 0.3933(4) 
O(3) 8f -0.2415(5) -0.1230(6) 0.4699(5) 
O(4) 8f -0.3680(6) 0.0005(5) 0.6865(4) 
O(5) 8f -0.2783(6) 0.1083(5) 0.8094(4) 
O(6) 8f 0.0105(5) 0.3531(5) 0.6386(5) 
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O(7) 8f -0.4062(5) -0.0102(5) 0.4075(4) 
O(8) 8f -0.0853(6) 0.2453(5) 0.5098(4) 
O(9) 8f 0.0223(6) 0.0293(5) 0.3520(5) 
O(10) 8f -0.1676(6) 0.0426(6) 0.7213(5) 
O(11) 8f -0.4327(6) -0.1913(5) 0.4133(5) 
O(12) 8f -0.0520(6) 0.1847(5) 0.6584(5) 
O(13) 8f -0.0782(6) 0.1839(5) 0.3620(5) 
O(14) 8f -0.3477(6) -0.0910(5) 0.5573(4) 
O(15) 8f -0.3077(6) 0.1695(5) 0.6615(5) 
O(16) 8f 0.0331(6) 0.0944(6) 0.4982(5) 
O(17) 8f 0.1136(6) 0.2085(5) 0.6227(5) 
Cs6KEuFe6O2(AsO4)8, 4 
Cs(1) 8f -0.2192(6) 0.0887(6) 0.5344(5) 
Cs(2) 8f -0.16726(6) -0.18262(5) 0.6662(5) 
Cs(3) 8f -0.1763(6) 0.3448(5) 0.6934(5) 
K 4e 0 -0.422(4) 3/4 
Eu 4e 0 0.0685(5) 3/4 
Fe(1) 8f -0.5350(1) 0.0396(1) 0.4208(1) 
Fe(2) 8f -0.1587(1) -0.0999(1) 0.4124(1) 
Fe(3) 8f -0.4362(1) 0.1982(1) 0.5777(1) 
As(1) 8f -0.2777(8) 0.0781(7) 0.7199(7) 
As(2) 8f -0.0019(8) 0.2473(7) 0.60613(7) 
As(3) 8f -0.0393(8) 0.0821(7) 0.40212(7) 
As(4) 8f -0.3608(8) -0.10282(8) 0.46170(7) 
O(1) 8f -0.4571(6) 0.0786(5) 0.5307(5) 
O(2) 8f -0.1458(6) 0.0260(5) 0.3938(5) 
O(3) 8f -0.2409(6) -0.1222(6) 0.4707(5) 
O(4) 8f -0.3683(6) 0.0001(5) 0.6868(5) 
O(5) 8f -0.2779(6) 0.1081(6) 0.8101(5) 
O(6) 8f 0.0107(6) 0.3530(5) 0.6386(5) 
O(7) 8f -0.4070(6) -0.0100(5) 0.4076(5) 
O(8) 8f -0.0856(6) 0.2454(5) 0.5100(5) 
O(9) 8f 0.0225(6) 0.0284(6) 0.3527(5) 
O(10) 8f -0.1671(6) 0.0425(6) 0.7200(6) 
O(11) 8f -0.4328(6) -0.1919(6) 0.4139(5) 
O(12) 8f -0.0509(7) 0.1848(6) 0.6586(6) 
O(13) 8f -0.0776(6) 0.1835(5) 0.3625(5) 
O(14) 8f -0.3469(6) -0.0903(5) 0.5577(5) 
O(15) 8f -0.3086(6) 0.1692(5) 0.6611(5) 
O(16) 8f 0.0330(7) 0.0942(6) 0.4987(5) 
O(17) 8f 0.1149(6) 0.2090(5) 0.6227(5) 
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Cs6KGdFe6O2(AsO4)8, 5 
Cs(1) 8f -0.2190(5) 0.0886(5) 0.5345(4) 
Cs(2) 8f -0.1672(5) -0.1823(4) 0.6662(4) 
Cs(3) 8f -0.1762(5) 0.3447(4) 0.6938(4) 
K 4e 0 -0.4220(3) 3/4 
Gd 4e 0 0.0683(4) 3/4 
Fe(1) 8f -0.5351(9) 0.0395(9) 0.4207(8) 
Fe(2) 8f -0.1588(1) -0.1001(8) 0.4125(8) 
Fe(3) 8f -0.4361(1) 0.1983(8) 0.5776(8) 
As(1) 8f -0.2771(7) 0.0783(6) 0.7201(6) 
As(2) 8f -0.0015(7) 0.2472(6) 0.6061(6) 
As(3) 8f -0.0396(7) 0.0817(6) 0.4016(6) 
As(4) 8f -0.3610(7) -0.1030(6) 0.4617(6) 
O(1) 8f -0.4564(5) 0.0796(4) 0.5307(4) 
O(2) 8f -0.1463(5) 0.0259(4) 0.3929(4) 
O(3) 8f -0.2411(5) -0.1229(5) 0.4705(4) 
O(4) 8f -0.3673(5) 0.0001(4) 0.6877(4) 
O(5) 8f -0.2782(5) 0.1081(4) 0.8092(4) 
O(6) 8f 0.0105(5) 0.3535(4) 0.6381(4) 
O(7) 8f -0.4061(5) -0.0107(4) 0.4072(4) 
O(8) 8f -0.0852(5) 0.2458(4) 0.5105(4) 
O(9) 8f 0.0217(5) 0.0287(5) 0.3515(4) 
O(10) 8f -0.1660(5) 0.0442(5) 0.7212(4) 
O(11) 8f -0.4323(5) -0.1912(4) 0.4143(4) 
O(12) 8f -0.0497(6) 0.1843(5) 0.6595(4) 
O(13) 8f -0.0787(5) 0.1833(4) 0.3615(4) 
O(14) 8f -0.3479(5) -0.0905(4) 0.5569(4) 
O(15) 8f -0.3080(5) 0.1694(4) 0.6607(4) 
O(16) 8f 0.0338(5) 0.0932(5) 0.4980(4) 
O(17) 8f 0.1150(5) 0.2105(5) 0.6220(5) 
Cs6KDyFe6O2(AsO4)8, 6 
Cs(1) 8f -0.2184(1) 0.0876(1) 0.5347(1) 
Cs(2) 8f -0.1674(1) -0.1824(1) 0.6667(9) 
Cs(3) 8f -0.1761(1) 0.3447(1) 0.6930(9) 
K 4e 0 -0.4220(6) 3/4 
Dy 4e 0 0.0687(9) 3/4 
Fe(1) 8f -0.5357(2) 0.0397(2) 0.4205(1) 
Fe(2) 8f -0.1590(2) -0.0999(2) 0.4129(1) 
Fe(3) 8f -0.4360(2) 0.1985(2) 0.5776(1) 
As(1) 8f -0.2758(1) 0.0785(1) 0.7202(1) 
As(2) 8f -0.0010(1) 0.2466(1) 0.6063(1) 
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As(3) 8f -0.0390(1) 0.0815(1) 0.4005(1) 
As(4) 8f -0.3615(1) -0.1032(1) 0.4614(1) 
O(1) 8f -0.4539(1) 0.0785(1) 0.5325(1) 
O(2) 8f -0.1458(1) 0.0246(1) 0.3925(9) 
O(3) 8f -0.2422(1) -0.1237(1) 0.4695(1) 
O(4) 8f -0.3662(1) -0.0001(1) 0.6867(9) 
O(5) 8f -0.2773(1) 0.1090(1) 0.8098(9) 
O(6) 8f 0.0107(1) 0.3533(9) 0.6392(1) 
O(7) 8f -0.4073(1) -0.0100(1) 0.4069(9) 
O(8) 8f -0.0854(1) 0.2445(1) 0.5114(1) 
O(9) 8f 0.0204(1) 0.0281(1) 0.3492(1) 
O(10) 8f -0.1658(1) 0.0441(1) 0.7198(1) 
O(11) 8f -0.4341(1) -0.1920(1) 0.4134(1) 
O(12) 8f -0.0464(1) 0.1829(1) 0.661(1) 
O(13) 8f -0.0784(1) 0.1827(1) 0.3612(1) 
O(14) 8f -0.3480(1) -0.0912(1) 0.5576(1) 
O(15) 8f -0.3066(1) 0.1700(1) 0.6587(1) 
O(16) 8f 0.0332(1) 0.0926(1) 0.4975(1) 
O(17) 8f 0.1140(1) 0.2112(1) 0.6200(1) 
Cs6KYbFe6O2(AsO4)8, 7 
Cs(1) 8f -0.2190(8) 0.0885(7) 0.5344(6) 
Cs(2) 8f -0.1672(8) -0.1823(6) 0.6663(6) 
Cs(3) 8f -0.1761(7) 0.3447(6) 0.6938(6) 
K 4e 0 -0.4218(4) 3/4 
Yb 4e 0 0.0683(6) 3/4 
Fe(1) 8f -0.5354(1) 0.0396(1) 0.4207(1) 
Fe(2) 8f -0.1588(1) -0.1001(1) 0.4125(1) 
Fe(3) 8f -0.4360(1) 0.1984(1) 0.5775(1) 
As(1) 8f -0.2771(1) 0.0783(9) 0.7201(8) 
As(2) 8f -0.0014(1) 0.2472(8) 0.6062(8) 
As(3) 8f -0.0394(1) 0.0819(8) 0.4016(8) 
As(4) 8f -0.3611(1) -0.1030() 0.4616(8) 
O(1) 8f -0.4574(7) 0.0799(6) 0.5307(6) 
O(2) 8f -0.1466(7) 0.0257(6) 0.3931(6) 
O(3) 8f -0.2406(8) -0.1222(7) 0.4705(6) 
O(4) 8f -0.3674(7) 0.0001(6) 0.6873(6) 
O(5) 8f -0.2785(8) 0.1083(6) 0.8091(6) 
O(6) 8f 0.0107(7) 0.3535(6) 0.6390(6) 
O(7) 8f -0.4055(7) -0.0101(6) 0.4079(5) 
O(8) 8f -0.0856(8) 0.2456(6) 0.5106(6) 
O(9) 8f 0.0224(8) 0.0288(7) 0.3514(6) 
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Table 7.7. Selected bond distances and angles for compounds 1~7. 
 1 2 3 4 
Fe(1)O6     
Fe(1)−O(1)a 1.996(7) Å 2.004(8) Å 2.005(7) Å 1.992(8) Å 
Fe(1)−O(1) 1.965(9) Å 1.976(9) Å 1.985(8) Å 1.969(9) Å 
Fe(1)−O(4)a 2.013(8) Å 2.018(9) Å 2.011(8) Å 2.012(8) Å 
Fe(1)−O(6)b 2.025(8) Å 2.024(8) Å 2.032(8) Å 2.032(8) Å 
Fe(1)−O(7) 2.100(7) Å 2.101(9) Å 2.088(7) Å 2.076(8) Å 
Fe(1)−O(14)a 2.016(8) Å 2.019(9) Å 2.020(8) Å 2.036(6) Å 
Fe(2)O5     
Fe(2)−O(2) 1.930(8) Å 1.933(8) Å 1.923(8) Å 1.929(8) Å 
Fe(2)−O(3) 1.890(7) Å 1.884(8) Å 1.884(7) Å 1.885(8) Å 
Fe(2)−O(5)d 2.014(8) Å 2.010(9) Å 2.008(7) Å 1.999(9) Å 
Fe(2)−O(16)c 1.920(8) Å 1.909(9) Å 1.922(8) Å 1.916(9) Å 
Fe(2)−O(17)c 1.940(8) Å 1.949(8) Å 1.938(8) Å 1.935(8) Å 
Fe(3)O5     
Fe(3)−O(1) 1.955(8) Å 1.955(9) Å 1.930(7) Å 1.952(8) Å 
Fe(3)−O(8)b 1.927(8) Å 1.932(9) Å 1.924(8) Å 1.925(9) Å 
Fe(3)−O(11)a 1.946(8) Å 1.934(8) Å 1.951(8) Å 1.942(8) Å 
Fe(3)−O(13)b 2.028(8) Å 2.038(9) Å 2.040(8) Å 2.041(8) Å 
Fe(3)−O(15) 1.952(8) Å 1.938(9) Å 1.945(8) Å 1.935(8) Å 
LnO6     
Ln−O(9)c,e x 2 2.315(8) Å 2.308(9) Å 2.284(8) Å 2.282(8) Å 
Ln−O(10)f x 2 2.319(8) Å 2.306(9) Å 2.295(8) Å 2.283(8) Å 
Ln−O(12) f x 2 2.362(8) Å 2.354(9) Å 2.319(8) Å 2.319(9) Å 
As(1)O4     
As(1)−O(4) 1.682(8) Å 1.681(8) Å 1.669(8) Å 1.694(8) Å 
As(1)−O(5) 1.683(8) Å 1.687(8) Å 1.687(8) Å 1.678(8) Å 
As(1)−O(10) 1.675(8) Å 1.673(9) Å 1.659(8) Å 1.674(8) Å 
O(10) 8f -0.1662(8) 0.0435(7) 0.7213(6) 
O(11) 8f -0.4320(8) -0.1916(6) 0.4142(6) 
O(12) 8f -0.0490(9) 0.1849(7) 0.6600(7) 
O(13) 8f -0.0777(8) 0.1836(6) 0.3618(6) 
O(14) 8f -0.3467(7) -0.0906(6) 0.5583(6) 
O(15) 8f -0.3076(7) 0.1694(6) 0.6617(6) 
O(16) 8f 0.0337(8) 0.0937(7) 0.4977(6) 
O(17) 8f 0.1155(7) 0.2097(6) 0.6223(6) 
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As(1)−O(15) 1.679(8) Å 1.678(9) Å 1.682(7) Å 1.681(7) Å 
As(2)O4     
As(2)−O(6) 1.659(7) Å 1.663(8) Å 1.670(7) Å 1.667(7) Å 
As(2)−O(8) 1.694(8) Å 1.716(9) Å 1.704(7) Å 1.705(7) Å 
As(2)−O(12) 1.665(8) Å 1.667(8) Å 1.672(8) Å 1.664(8) Å 
As(2)−O(17) 1.682(8) Å 1.680(8) Å 1.677(8) Å 1.687(8) Å 
As(3)O4     
As(3)−O(2) 1.696(7) Å 1.705(8) Å 1.704(7) Å 1.697(7) Å 
As(3)−O(9) 1.685(8) Å 1.674(9) Å 1.686(8) Å 1.682(8) Å 
As(3)−O(13) 1.695(7) Å 1.679(8) Å 1.686(7) Å 1.675(7) Å 
As(3)−O(16) 1.673(9) Å 1.674(9) Å 1.670(8) Å 1.676(8) Å 
As(4)O4     
As(4)−O(3) 1.686(7) Å 1.685(8) Å 1.689(7) Å 1.692(7) Å 
As(4)−O(7) 1.673(7) Å 1.673(8) Å 1.679(7) Å 1.682(7) Å 
As(4)−O(11) 1.693(8) Å 1.690(9) Å 1.700(8) Å 1.706(8) Å 
As(4)−O(14) 1.679(8) Å 1.680(9) Å 1.681(8) Å 1.686(8) Å 
Fe(1)a–O(1)–Fe(1) 94.1(1)° 93.5(6)° 93.7(4)° 94.6(5)° 
Fe(1)–O(1)–Fe(3) 129.3(2)° 129.9(5)° 130.1(4)° 129.8(2)° 
Fe(1)a–O(1)–Fe(3) 130.4(2)° 130.5(6)° 130.7(5)° 130.2(5)° 
 
Table 7.7. Selected bond distances and angles for compounds 1~7 cont…. 
 5 6 7 
Fe(1)O6    
Fe(1)−O(1)a 2.005(6) Å 2.005(7) Å 2.005(9) Å 
Fe(1)−O(1) 1.977(7) Å 1.981(5) Å 1.974(9) Å 
Fe(1)−O(4)a 2.027(7) Å 2.009(6) Å 2.016(9) Å 
Fe(1)−O(6)b 2.021(6) Å 2.030(6) Å 2.030(9) Å 
Fe(1)−O(7) 2.093(6) Å 2.083(6) Å 2.098(9) Å 
Fe(1)−O(14)a 2.014(6) Å 2.003(6) Å 2.013(7) Å 
Fe(2)O5    
Fe(2)−O(2) 1.930(6) Å 1.912(6) Å 1.927(9) Å 
Fe(2)−O(3) 1.881(6) Å 1.874(6) Å 1.872(7) Å 
Fe(2)−O(5)d 2.012(7) Å 1.998(5) Å 2.011(7) Å 
Fe(2)−O(16)c 1.916(8) Å 1.921(8) Å 1.917(5) Å 
Fe(2)−O(17)c 1.945(7) Å 1.948(7) Å 1.934(5) Å 
Fe(3)O5    
Fe(3)−O(1) 1.935(6) Å 1.938(6) Å 1.932(9) Å 
Fe(3)−O(8)b 1.924(6) Å 1.944(7) Å 1.926(5) Å 
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Fe(3)−O(11)a 1.948(6) Å 1.931(6) Å 1.955(5) Å 
Fe(3)−O(13)b 2.048(6) Å 2.054(7) Å 2.043(6) Å 
Fe(3)−O(15) 1.937(7) Å 1.929(6) Å 1.947(6) Å 
LnO6    
Ln−O(9)c,e x 2 2.267(7) Å 2.262(7) Å 2.259(9) Å 
Ln−O(10)f x 2 2.265(6) Å 2.258(8) Å 2.251(9) Å 
Ln−O(12) f x 2 2.303(7) Å 2.300(7) Å 2.281(6) Å 
As(1)O4    
As(1)−O(4) 1.674(6) Å 1.680(6) Å 1.676(9) Å 
As(1)−O(5) 1.678(6) Å 1.690(5) Å 1.677(9) Å 
As(1)−O(10) 1.665(6) Å 1.661(8) Å 1.667(9) Å 
As(1)−O(15) 1.685(6) Å 1.706(7) Å 1.674(9) Å 
As(2)O4    
As(2)−O(6) 1.671(6) Å 1.680(4) Å 1.675(9) Å 
As(2)−O(8) 1.697(7) Å 1.688(6) Å 1.697(6) Å 
As(2)−O(12) 1.672(7) Å 1.669(6) Å 1.664(6) Å 
As(2)−O(17) 1.678(7) Å 1.658(8) Å 1.686(6) Å 
As(3)O4    
As(3)−O(2) 1.695(6) Å 1.707(5) Å 1.704(9) Å 
As(3)−O(9) 1.680(6) Å 1.678(7) Å 1.687(9) Å 
As(3)−O(13) 1.680(6) Å 1.668(7) Å 1.677(9) Å 
As(3)−O(16) 1.676(7) Å 1.675(8) Å 1.667(8) Å 
As(4)O4    
As(4)−O(3) 1.693(6) Å 1.689(5) Å 1.700(8) Å 
As(4)−O(7) 1.675(6) Å 1.685(6) Å 1.674(9) Å 
As(4)−O(11) 1.686(7) Å 1.702(6) Å 1.688(8) Å 
As(4)−O(14) 1.673(7) Å 1.686(7) Å 1.692(9) Å 
Fe(1)a–O(1)–Fe(1) 93.3(1)° 93.9(6)° 92.8(4)° 
Fe(1)–O(1)–Fe(3) 130.1(2)° 128.6(5)° 126.5(4)° 
Fe(1)a–O(1)–Fe(3) 130.9(2)° 130.9(6)° 128.8(5)° 
(a) –x, –y + 2, –z + 2; (b) x, y, z + 1; (c) –x, –y + 1, –z + 2; (d) –x, –y + 1, –z + 1; (e) x + 
1, y, z – 1; (f) –x + 1, –y + 1, –z + 1; (g) –x + 1, –y + 2, –z + 2; (h) x, y + 1, z + 1. 
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Figure 7.8. PXRD patterns of the single crystal syntheses reactions for Cs6KLnFe6O2(AsO4)8. 
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Crystal Structure. Cs6KLnFe6O2(AsO4)8 series was isolated in a very high yields 
using high temperature solid-state molten-salt methodia. The title cmpounds isomorphic 
derivatives crystalize in monoclinic space group C2/c (no.15); Z = 4. The crystallographic 
data for the Cs6KLnFe6O2(AsO4)8 series (1~7) are given in Table 7.5. Atomic parameters  
are included in Table 7.6 while selected bonds distances and angles are given in Table 
7.7. Similar to Rb7LnFe6O2(PO4)8 series, Cs6KLnFe6O2(AsO4)8 series form a 3-D 
framework is comprehended of LnO6 octahedral, FeO5 trigonal bipyramidal (tbp), and µ3-
oxo [Fe4O18] tetrameric units interconnected through AsO4 tetrahedra. Figure 7.9 shows a 
projective view of 5 along the a- and b-axis. There are two distinct pseudo-one-
dimensional channels seen along this view where Cs
+
 cations reside while K
+
 cation 
reside on the top of Ln
3+
 as shown in Figure 7.9. As shown in the detailed drawing (Fig. 
7.10), the GdO6 octahedral unit is completely capped by six AsO4 tetrahedra through 
which the distorted Fe(3)O5 tbp units are interconnected with [Fe4O18]. The latter is 
comprised of two μ3-oxo oxygen atoms, O(1), shared between the Fe2O10 dimer, which is 
made of two edge-sharing Fe(1)O6 octahedra, and two distorted Fe(2)O5 tbp units, one on 
each side, via vertices. It is noteworthy to mention that similar connectivity can be 
observed in the Rb7LnFe6O2(PO4)8. As shown in Table 7.7, the bond distances and angles 
of the corresponding LnO6, FeOn (n = 5, 6) and AsO4 units are well within the expected 
range. In 5, for instance, the oct Fe(1)−O bond distances range from 1.977(7) Å to 
2.014(6) Å, comparable to the sum of the Shannon crystal radii,
8
 1.995 Ǻ, for a high-spin, 
6-coordinate Fe
3+
 and O
2-
. The distorted Fe(2)O5 unit adopt shorter bond distances 
ranging from 1.881(6) Å to 2.018(6) Å while Fe(3)O5 tbp bond distances range from 
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1.924(9) Å to 2.048(6) Å, comparable to the expected sum of the Shannon crystal radii, 
1.93 Ǻ, for a 5-coordinate Fe3+ and O2-. The observed Ln–O distances in 1~7 are also in 
close comparison with the calculated Shannon crystal radii for 6-coordinate Ln
3+
 and O
2
, 
where average Ln
3+–O distances for 1~7 are 2.332(8), 2.322(9), 2.299(8), 2.294(8), 
2.278(8), 2.273(8) and 2.263(8) Å respectively. The calculated 6-coordinated Ln
3+–O 
distances based on Shannon crystal radii are as follows: Pr
3+–O is 2.351(2) Å, Nd3+–O is 
2.333(2) Å, Sm
3+–O is 2.308(2) Å, Eu3+–O is 2.297(2) Å, Gd3+–O is 2.288(2) Å, Dy3+–O 
is 2.262(2) Å and Yb
3+–O is 2.254(2) Å. In 5, the Fe–O–Fe bond angles within the 
[Fe4O18] units are 93.3(2)° for the Fe(1)–O(1)–Fe(1) and, 130.1(3)° and 130.9(2)° for 
the Fe(1)–O(1)–Fe(3) in between the dimer and the Fe(2)O5 tbp unit.  
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Figure 7.9. Projected view along the a- and b-axis showing the pseudo-one-dimensional 
channels where the Cs
+
 cations reside. The color code of circles is the same throughout 
the report. 
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Figure 7.10. Partial structures showing a completely capped GdO6 octahedral unit (top)   
with AsO4 tetrahedra that interlink the [Fe4O18] and [FeO5] units. 
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Synthesis and Structure Characterization of Cs2Rb7Fe10O4(PO4)10Cl Featuring Tetrameric 
[Fe
III
4O18] unit 
Singel Crystal Synthesis of Cs2Rb7Fe10O4(PO4)10Cl: Cs2Rb7Fe10O4(PO4)10Cl 
structure was a result of another exploratory attempt to grow the 3-D Fe−O−P open-
framework structures with larger channels where Cs
+
 and/or Rb
+
 resides. A reaction 
mixture of FeO, Fe2O3 and P4O10 were mixed in 3 : 7 : 7 molar ratio with CsCl/RbCl 
(50:50 mol%) flux and loaded into quartz ampoule. After that it was sealed under the 
vacuum and then heated to 650 °C at 1°C min
-1
, isothermed for four days, heated to 800 
°C at 1 °C min
-1
, isothermed for two additional days and slowly cooled to 300 °C at 0.1 
°C min
-1
, and then furnace-cooled to room temperature. The crystalline phase was 
retrieved from the flux by washing with deionized water using a suction filtration 
method. Orange columunar crystals of Cs2Rb7Fe10O4(PO4)10Cl was isolated with a yield 
of ~ 40 %. So far the stoichiometric attempt reactions to grow the single crystals and the 
polly crystalline powders have been unsuccessful for Cs2Rb7Fe10O4(PO4)10Cl. 
Single Crystal X−ray Diffraction (SXRD): Single crystal solution for 
Cs2Rb7Fe10O4(PO4)10Cl was determined in the same manner as described above. The 
crystallographic data, atomic coordinates, anisotropic thermal parameters and selected 
bond distances and angles are reported in Tables 7.8, 7.9, 7.10 and 7.11. 
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Table 7.8. Crystallographic data for Cs2Rb7Fe10O4(PO4)10Cl. 
empirical formula Cs2Rb7Fe10O4(PO4)10Cl 
FW 2471.71 
crystal system triclinic 
crystal dimension, mm 0.38 x 0.11 x 0.11 
space group, Z P-1, 2 
T, °C 27 
a, Å 9.8611(2) 
b, Å 10.166(2) 
c, Å 13.099(3) 
α, ° 100.58(3) 
β, ° 110.28(3) 
ɤ, ° 94.48(3) 
V, Å
3
 1196.4(4) 
μ (Mo Kα), mm-1 10.656 
dcalc, g cm
-3
 3.126 
data/restraints/parameters 2401/0/178 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0683/0.2094/1.046 
largest diff. peak/hole, e/ Å
3
 0.958/-1.118 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.1261 P)
2
 + 19.2653 P]. 
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Table 7.9. Atomic parameters for Cs2Rb7Fe10O4(PO4)10Cl. 
Atom Wyck. Occ. x y z 
Cs(1) 2i 0.65 1.5043(3) -0.0143(1) 0.2123(1) 
Cs(2) 2i 0.35 1.4771(1) -0.0219(1) 0.1443(1) 
Rb(1) 2i 1.00 0.9675(1) 0.4645(1) 0.1778(1) 
Rb(2) 2i 1.00 1.1279(1) 0.9328(1) 0.4207(1) 
Rb(3) 2i 1.00 1.3583(1) 0.2399(1) 0.3966(3) 
Rb(4) 1e 1.00 0.5000 0.5000 0 
Fe(1) 2i 1.00 0.9621(1) 0.6329(1) 0.4961(1) 
Fe(2) 2i 1.00 1.3692(1) 0.6287(1) 0.2526(1) 
Fe(3) 2i 1.00 0.6981(1) 0.3739(1) 0.3095(1) 
Fe(4) 2i 1.00 0.8227(1) 0.8471(1) 0.1142(1) 
Fe(5) 2i 1.00 1.0491(1) 0.1083(1) 0.0956(1) 
P(1) 2i 1.00 1.3414(3) 0.3194(3) 0.1378(3) 
P(2) 2i 1.00 1.1283(4) 0.8222(3) 0.1312(3) 
P(3) 2i 1.00 0.8861(3) 0.1462(3) 0.2734(3) 
P(4) 2i 1.00 1.2385(3) 0.5709(3) 0.4455(3) 
P(5) 2i 1.00 0.7016(3) 0.6760(3) 0.2781(3) 
Cl(1) 1f 1.00 1.5000 0 0.5000 
O(1) 2i 1.00 0.8933(1) 0.9539(1) 0.0348(1) 
O(2) 2i 1.00 0.8303(1) 0.7248(1) 0.3877(1) 
O(3) 2i 1.00 0.9602(1) 0.1812(1) 0.3999(1) 
O(4) 2i 1.00 1.1113(1) 0.6504(1) 0.4160(1) 
O(5) 2i 1.00 1.1853(1) 0.4211(1) 0.4334(1) 
O(6) 2i 1.00 1.0895(1) 0.7815(1) 0.0066(1) 
O(7) 2i 1.00 1.2129(1) 0.2623(1) 0.1631(1) 
O(8) 2i 1.00 1.0013(1) 0.7678(1) 0.1637(1) 
O(9) 2i 1.00 1.1754(1) 0.9743(1) 0.1791(1) 
O(10) 2i 1.00 0.8936(1) 0.4482(1) 0.4004(1) 
O(11) 2i 1.00 0.7134(1) 0.7389(1) 0.1853(1) 
O(12) 2i 1.00 1.3346(1) 0.2556(1) 0.0214(1) 
O(13) 2i 1.00 1.3177(1) 0.5764(1) 0.3608(1) 
O(14) 2i 1.00 1.3338(1) 0.4711(1) 0.1401(1) 
O(15) 2i 1.00 0.9948(1) 0.1875(1) 0.2216(1) 
O(16) 2i 1.00 0.5617(1) 0.7099(1) 0.2996(1) 
O(17) 2i 1.00 1.2589(1) 0.7495(1) 0.1865(1) 
O(18) 2i 1.00 1.3529(1) 0.6357(1) 0.5616(1) 
O(19) 2i 1.00 1.4826(1) 0.2986(1) 0.2235(1) 
O(20) 2i 1.00 0.8321(1) -0.0064(1) 0.2352(1) 
O(21) 2i 1.00 0.7480(1) 0.2163(1) 0.2347(1) 
O(22) 2i 1.00 0.6790(1) 0.5196(1) 0.2335(7) 
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Table 7.10. Anisotropic thermal parameters (Å
2
) for Cs2Rb7Fe10O4(PO4)10Cl. 
Atom U11 U22 U33 U12 U13 U23 
Cs(1) 0.036(4) 0.030(4) 0.130(3) 0.006(4) 0.045(1) 0.024(1) 
Cs(2) 0.050(3) 0.043(2) 0.155(6) 0.003(2) 0.050(4) 0.021(4) 
Rb(1) 0.025(4) 0.016(4) 0.026(6) -0.001(5) 0.012(4) 0.008(5) 
Rb(2) 0.038(4) 0.022(4) 0.038(7) 0.014(6) 0.022(4) 0.018(5) 
Rb(3) 0.032(4) 0.037(4) 0.046(8) 0.013(6) 0.020(4) 0.016(4) 
Rb(4) 0.040(4) 0.054(4) 0.023(10) -0.024(4) 0.011(4) 0.005(4) 
Fe(1) 0.015(4) 0.016(4) 0.022(9) 0.001(7) 0.005(3) 0.006(3) 
Fe(2) 0.016(4) 0.020(4) 0.024(9) 0.004(7) 0.010(3) 0.008(4) 
Fe(3) 0.017(4) 0.016(4) 0.0194(9) 0.001(7) 0.005(3) 0.004(4) 
Fe(4) 0.017(4) 0.015(4) 0.0206(9) 0.001(7) 0.007(3) 0.004(4) 
Fe(5) 0.017(4) 0.017(4) 0.021(9) 0.002(7) 0.008(3) 0.004(4) 
P(1) 0.014(4) 0.021(4) 0.020(15) -0.001(2) 0.006(1) 0.006(1) 
P(2) 0.019(4) 0.018(4) 0.024(16) 0.003(1) 0.006(3) 0.006(4) 
P(3) 0.018(4) 0.016(4) 0.023(16) 0.008(1) 0.010(3) 0.004(4) 
P(4) 0.017(4) 0.020(4) 0.022(16) 0.002(1) 0.010(3) 0.007(4) 
P(5) 0.015(4) 0.018(4) 0.021(15) 0.001(1) 0.006(2) 0.006(4) 
Cl(1) 0.078(5) 0.068(5) 0.110(7) 0.035(4) 0.031(5) 0.046(5) 
O(1) 0.016(4) 0.019(4) 0.023(4) 0.001(3) 0.009(3) 0.008(3) 
O(2) 0.020(4) 0.019(4) 0.032(5) 0.002(4) -0.003(4) 0.012(4) 
O(3) 0.022(5) 0.018(4) 0.025(5) -0.005(4) 0.009(4) 0.000(4) 
O(4) 0.025(5) 0.021(4) 0.024(5) -0.002(4) 0.011(4) 0.008(4) 
O(5) 0.026(5) 0.021(5) 0.040(5) 0.006(4) 0.019(4) 0.010(4) 
O(6) 0.022(5) 0.026(5) 0.023(5) 0.009(4) 0.003(4) 0.003(4) 
O(7) 0.028(5) 0.023(5) 0.022(4) -0.005(4) 0.013(4) -0.002(4) 
O(8) 0.028(5) 0.017(4) 0.029(5) 0.004(4) 0.011(4) 0.010(4) 
O(9) 0.025(5) 0.025(5) 0.019(4) 0.005(4) 0.006(4) 0.001(4) 
O(10) 0.021(4) 0.020(4) 0.028(5) 0.003(3) 0.016(4) 0.014(4) 
O(11) 0.046(6) 0.025(5) 0.031(5) -0.012(4) 0.018(5) 0.009(4) 
O(12) 0.031(5) 0.026(5) 0.024(5) -0.006(4) 0.017(4) 0.003(4) 
O(13) 0.029(5) 0.032(5) 0.028(5) 0.001(4) 0.019(4) 0.001(4) 
O(14) 0.028(5) 0.032(5) 0.027(5) 0.005(4) 0.015(4) 0.009(4) 
O(15) 0.029(5) 0.024(5) 0.026(5) -0.002(4) 0.012(4) 0.000(4) 
O(16) 0.016(5) 0.039(6) 0.048(6) 0.000(4) 0.013(4) 0.004(5) 
O(17) 0.028(5) 0.034(5) 0.037(5) 0.014(4) 0.010(4) 0.015(4) 
O(18) 0.025(5) 0.042(6) 0.024(5) 0.000(4) 0.011(4) 0.007(4) 
O(19) 0.012(4) 0.030(5) 0.029(5) 0.001(4) 0.003(4) 0.013(4) 
O(20) 0.029(5) 0.012(4) 0.031(5) -0.002(4) 0.012(4) 0.003(4) 
O(21) 0.019(5) 0.025(5) 0.039(6) 0.006(4) 0.009(4) -0.002(4) 
O(22) 0.023(5) 0.021(5) 0.026(5) -0.002(4) 0.006(4) 0.006(4) 
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Table 7.11. Selected bond distances and angles for compounds Cs2Rb7Fe10O4(PO4)10. 
Fe(1)O6 P(1)O4 
Fe(1)−O(2) 1.994(3) Å P(1)−O(7) 1.516(2) Å 
Fe(1)−O(3)a 2.029(4) Å P(1)−O(12) 1.520(2) Å 
Fe(1)−O(4) 2.097(2) Å P(1)−O(14) 1.545(1) Å 
Fe(1)−O(5)a 2.064(2) Å P(1)−O(19) 1.514(3) Å 
Fe(1)−O(10)a 1.949(3) Å P(2)O4 
Fe(1)−O(10) 1.977(4) Å P(2)−O(6) 1.509(2) Å 
Fe(2)O4 P(2)−O(8) 1.550(2) Å 
Fe(2)−O(13) 1.812(2) Å P(2)−O(9) 1.526(2) Å 
Fe(2)−O(14) 1.885(4) Å P(2)−O(17) 1.558(2) Å 
Fe(2)−O(16)b 1.850(3) Å P(3)O4 
Fe(2)−O(17) 1.840(3) Å P(3)−O(3) 1.520(2) Å 
Fe(3)O5 P(3)−O(15) 1.525(2) Å 
Fe(3)−O(10) 1.885(4) Å P(3)−O(20) 1.530(2) Å 
Fe(3)−O(18)a 1.938(1) Å P(3)−O(21) 1.557(2) Å 
Fe(3)−O(19)c 2.035(4) Å P(4)O4 
Fe(3)−O(21) 1.910(3) Å P(4)−O(4) 1.521(2) Å 
Fe(3)−O(22) 1.917(2) Å P(4)−O(5) 1.532(1) Å 
Fe(4)O5 P(4)−O(13) 1.569(2) Å 
Fe(4)−O(1) 1.882(2) Å P(4)−O(18) 1.532(4) Å 
Fe(4)−O(8) 1.948(3) Å P(5)O4 
Fe(4)−O(11) 2.032(3) Å P(5)−O(2) 1.515(4) Å 
Fe(4)−O(12)e 1.952(5) Å P(5)−O(11) 1.507(2) Å 
Fe(4)−O(20)d 1.936(3) Å P(5)−O(16) 1.552(1) Å 
Fe(5)O6 P(5)−O(22) 1.560(2) Å 
Fe(5)−O(1)f 1.944(4) Å Fe(1)g–O(10)–Fe(1) 93.9(2)° 
Fe(5)−O(1)e 1.994(2) Å Fe(1)g–O(10)–Fe(3) 128.2(2)° 
Fe(5)−O(6)e 2.107(4) Å Fe(1)–O(10)–Fe(3) 126.1(2)° 
Fe(5)−O(7) 1.986(4) Å Fe(4)–O(1)–Fe(5)i 92.0(2)° 
Fe(5)−O(9)f 2.114(3) Å Fe(4)–O(1)–Fe(5)i 127.5(2)° 
Fe(4)−O(15) 1.962(2) Å Fe(5)–O(1)–Fe(5) 127.2(2)° 
(a) 2-x, 1-y, -z; (b) x, 1+y, z; (c) 2-x, 1-y, 1-z; (d) 3-x, 1-y, 1-z; (e) x, -1+y, z; (f) -1+x, y, 
z; (g) 1-x, 1-y, -z; (h) 1+x, y, z; (i) 1+x, -1+y, z 
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Crystal Structure: Cs2Rb7Fe10O4(PO4)10Cl was isolated using high temperature 
solid-state molten-salt reaction. The title cmpound crystalizes in triclinic space group P-1 
(No.2); Z = 2. The crystallographic data for Cs2Rb7Fe10O4(PO4)10Cl is given in Table 7.8. 
Atomic parameters and anisotrophic thermal parameters are included in Table 7.9 and 
7.10 while Table 7.11 summarizes the selected bonds distances and angles for the title 
compound. Cs2Rb7Fe10O4(PO4)10Cl form a 3-D framework which is comprehended of 
FeO4 tetrahedral (tet), FeO5 trigonal bipyramidal (tbp), and µ3-oxo [Fe4O18] tetrameric 
units interconnected through PO4 tetrahedra. Figure 7.11 shows a perspective view of 
Cs2Rb7Fe10O4(PO4)10Cl along the c-axis. There are two distinct pseudo-one-dimensional 
channels seen along this view where Cs
+
and Rb
+
 cations and Cl
-
 anion reside. Figure 7.12 
is also pointing out the channels extend along the a- and b-axis where Cs
+
, Rb
+
 and Cl
-
 
reside. These channels are framed from an eight membered ring which is formed from 
corner shared polyhedral which include two oct-FeO6, one tbp-FeO5, one tet-FeO4 and 
four tet-PO4 units as shown in Figure 7.13. Viewing along the c-axis (Figure. 7.13) one 
can notice a smaller channel in addition to the main channels in the structure. Smaller 
channels are framed from four membered ring which include one oct-FeO6, one tet-FeO4 
and two tet-PO4 units. As shown in Figure 7.13 all the cations, Rb(1), Rb(2), Rb(3), 
Rb(4), Cs(1) and Cs(2) are residing inside the channels, additionally Cl
-1
 anoin is also 
residing inside the channels.  
The compound research here consist of one isolated tet-FeO4 unit (Figure 7.14) 
and two different [Fe4O18] units to form an interesting Fe−O−Fe connectivity in the 
structure. These [Fe4O18] units are connected to the tet-FeO4 unit via PO4 tetrahedra. As 
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shown in the detailed drawing (Figures 7.14 and 7.15), one [Fe4O18] unit is comprised of 
two μ3-oxo oxygen atoms, O(1), shared between the Fe2O10 dimer, which is made of two 
edge-sharing Fe(5)O6 octahedra, and two distorted Fe(4)O5 tbp units, one on each side, 
via vertices. This [Fe4O18] connects to the tet-FeO4 unit via tet-P(1)O4 and tet-P(5)O4. 
The other [Fe4O18] unit is also comprised of two μ3-oxo oxygen atoms, O(10), shared 
between the Fe2O10 dimer, which is made of two edge-sharing Fe(1)O6 octahedra, and 
two distorted Fe(3)O5 tbp units, one on each side, via vertices. In here, [Fe4O18] tetramer 
shows an interesting connectivity with the PO4 tetrahedra (tet-P(2)O4 and tet-P(4)O4), 
Figure 7.15. As shown in Figure 7.15, the Fe2O10 dimer and one tbp-FeO5 unit of the 
[Fe4O18] tetramer conner-shared to the tet-PO4 unit to form a face-sharing type-
connectivity. 
In Cs2Rb7Fe10O4(PO4)10Cl, for instance, the oct Fe(1)−O bond distances range 
from 1.949(3) Å to 2.097(4) Å and Fe(5)−O bond distances range from 1.944(3) Å to 
2.144(4) Å, comparable to the sum of the Shannon crystal radii,
8
 1.995 Ǻ, for a high-spin, 
6-coordinate Fe
3+
 and O
2-
. The distorted Fe(3)O5 and Fe(4)O5 tbp units adopt shorter 
bond distances ranging from 1.885(3) Å to 2.035(4) Å and 1.882(9) Å to 2.032(4) Å, 
respectively, comparable to the expected sum of the Shannon crystal radii, 1.93 Ǻ, for a 
5-coordinate Fe
3+
 and O
2-
. The Fe(2)O4 tet unit bond distances are ranging from 1.812(3) 
Å to 1.885(4) Å comparable to the expected sum of the Shannon crystal radii, 1.84 Å, for 
a 4-coordinate Fe
3+
 and O
2-
. Additionally, the average oct Fe−O, tbp Fe−O and tet Fe−O 
are 2.107(4) Å, 1.943(4) Å and 1.846(3) Å respectivelyIn Cs2Rb7Fe10O4(PO4)10Cl, the 
Fe–O–Fe bond angles within the [Fe4O18] units are 92.0(2)° for the Fe(4)–O(1)–Fe(4) 
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Figure 7.11. Perspectived view along the c-axis showing the pseudo-one-dimensional 
channels where the Cs
+
, Rb
+
 and Cl
-1
 ions reside. The color code of circles is the same 
throughout the report. 
of the dimer and 127.5(2)° to 127.2(3)° for the Fe(4)–O(1)–Fe(5) between the dimer 
and the Fe(4)O5 tbp unit. Similarly in the other [Fe4O18] uint, the Fe–O–Fe bond angles 
are 93.9(2)° for the Fe(1)–O(10)–Fe(1) of the dimer and 126.1(2)° to 128.2(2)° for the 
Fe(1)–O(10)–Fe(3) between the dimer and the Fe(3)O5 tbp unit.  
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Figure 7.12. Perspectived view along the a- and b-axis showing the pseudo-one-
dimensional channels where the Cs
+
, Rb
+
 and Cl
-1
 ions reside. The color code of circles 
is the same throughout the report. 
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Figure 7.13. Fe−O−P rings showing along the a-, b- and c-axis where the Cs+, Rb+ and 
Cl
-1
 ions reside. 
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Figure 7.14. Partial structures showing a completely capped tet-FeO4 units (top) with 
PO4 tetrahedra that interlink the [Fe4O18] (bottom). 
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Figure 7.15. Partial structures showing a completely connectivity between [Fe4O18] 
tetramer and the tet-P(4)O4 units.  
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Synthesis and Structure Characterization of Rb2Fe3O(PO4)3 Featuring Tetrameric 
[Fe
III
4O16] unit 
Singel Crystal Synthesis of Rb2Fe3O(PO4)3: Rb2Fe3O(PO4)3 structure was 
isolatedd in an attempt to grow Rb3Fe6(PO4)7 which is an iso-structure of CsRb2Fe6(PO4)7 
reported in chapter four. First Rb3Fe6(PO4)7 was achieved using a stoichiometric reaction 
between Rb2CO3, Fe2O3 and (NH4)H2PO4 using the similar condition as in the 
preparation of CsRb2Fe6(PO4)7. The observed PXRD is given in Figure 7.11 with 
calculated PXRD patterns of Rb2Fe2O(PO4)3 and CsRb2Fe6(PO4)7 for the comparison. 
Afterthat 0.1 g of the prepared powder was mixed with a 0.3 g of RbCl/RbI flux and 
ground in a nitrogen-purged dry box. The reaction mixture was sealed in an evacuated 
fused-silica ampoule and then heated to 800 °C at 1 °C min
-1
, isothermed for four days 
and slowly cooled to 300 °C at 0.1 °C min
-1
, and then furnace-cooled to room 
temperature. The crystalline phase was retrieved from the flux by washing with deionized 
water using a suction filtration method. Orange columunar crystals of Rb2Fe3O(PO4)3 
was isolated as the only single crystalline phase in the reaction. So far the stoichiometric 
attempt reactions and the crystal growth using a single-step reaction have been 
unsuccessful for Rb2Fe3O(PO4)3. 
Single Crystal X−ray Diffraction (SXRD): Single crystal solution for  
Rb2Fe3O(PO4)3 was determined in the same manner as described above. The 
crystallographic data, atomic coordinates, anisotropic thermal parameters and selected 
bond distances and angles are reported in Tables 7.12, 7.13, 7.140 and 7.15. 
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Figure 7.16. PXRD patterns for calculated CsRb2Fe6(PO4)7 and as prepared 
Rb3Fe6(PO4)7 with calculated PXRD pattern of Rb2Fe3O(PO4)3 for the comparison. 
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Table 7.12. Crystallographic data for Rb2Fe3O(PO4)3. 
empirical formula Rb2Fe3O(PO4)3 
FW 639.40 
crystal system triclinic 
crystal dimension, mm 0.38 x 0.11 x 0.11 
space group, Z P-1, 2 
T, °C 27 
a, Å 5.2046(1) 
b, Å 8.9987(1) 
c, Å 12.601(2) 
α, ° 102.22(3) 
β, ° 90.51(3) 
ɤ, ° 95.37(3) 
V, Å
3
 574.0(2) 
μ (Mo Kα), mm-1 12.656 
dcalc, g cm
-3
 3.700 
data/restraints/parameters 2004/0/190 
final R1, wR2
a
 [I> 2σ(I)], GOF 0.0412/0.1082/1.088 
largest diff. peak/hole, e/ Å
3
 0.928/-1.178 
aR = Ʃ||Fo| - |Fc|| / Ʃ |Fo|; wR2 = [Ʃw (|Fo| - |Fc|)2 / Ʃw |Fo|2] 1/2 ; w = 1 / [σ2(Fo2) + 
(0.0518 P)
2
 + 5.5066 P]. 
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Table 7.13. Atomic parameters for Rb2Fe3O(PO4)3. 
Atom Wyck. x y z 
Rb(1) 2i 0.2614(1) 0.9116(1) 0.3621(1) 
Rb(2) 2i 0.2469(1) 1.6641(1) 1.0106(1) 
Fe(1) 2i 0.8099(1) 0.9485(1) 0.1414(1) 
Fe(2) 2i 0.1889(1) 1.4353(1) 0.2787(1) 
Fe(3) 2i 0.3741(1) 1.3505(1) 0.5080(1) 
P(1) 2i 0.2844(1) 1.3715(1) 0.7663(1) 
P(2) 2i 0.3197(1) 1.1180(1) 0.1176(1) 
P(3) 2i 0.8375(1) 1.2044(1) 0.3765(1) 
O(1) 2i 0.8599(1) 1.3446(1) 0.3256(2) 
O(2) 2i 0.5942(1) 1.2013(1) 0.4452(2) 
O(3) 2i 0.6074(1) 1.0967(1) 0.1050(2) 
O(4) 2i 0.2776(1) 1.2358(1) 0.2186(2) 
O(5) 2i 0.2163(1) 1.1646(1) 0.0172(2) 
O(6) 2i 0.1796(1) 0.9645(1) 0.1327(2) 
O(7) 2i 0.5188(1) 1.4858(1) 0.8050(2) 
O(8) 2i 0.8126(1) 1.0518(1) 0.2946(2) 
O(9) 2i 1.0700(1) 1.2074(1) 0.4527(2) 
O(10) 2i 0.0258(1) 1.4410(1) 0.7930(2) 
O(11) 2i 0.292(1) 1.2991(1) 0.6457(2) 
O(12) 2i 0.2968(10) 1.2443(1) 0.8306(1) 
O(13) 2i 0.3430(9) 1.4932(1) 0.4181(1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
404 
 
Table 7.14. Anisotropic thermal parameters (Å
2
) for Rb2Fe3O(PO4)3. 
Atom U11 U22 U33 U12 U13 U23 
Rb(1) 0.025(4) 0.021(4) 0.022(4) 0.004(3) -0.003(3) 0.005(3) 
Rb(2) 0.023(4) 0.016(4) 0.023(4) -0.008(3) 0.007(3) 0.002(3) 
Fe(1) 0.012(5) 0.010(5) 0.011(5) 0.002(4) -0.002(4) 0.003(4) 
Fe(2) 0.011(5) 0.010(5) 0.010(5) 0.001(4) 0.002(4) 0.002(4) 
Fe(3) 0.011(5) 0.011(5) 0.011(5) -0.003(4) -0.001(4) 0.003(4) 
P(1) 0.011(8) 0.009(8) 0.010(8) -0.001(6) -0.001(6) 0.004(6) 
P(2) 0.010(8) 0.009(8) 0.010(8) 0.001(6) 0.002(6) 0.006(6) 
P(3) 0.0118) 0.010(8) 0.012(8) 0.001(6) 0.008(7) 0.001(7) 
O(1) 0.007(2) 0.014(2) 0.025(3) -0.003(1) 0.001(2) 0.007(2) 
O(2) 0.017(2) 0.016(2) 0.017(2) 0.004(2) 0.006(2) 0.004(1) 
O(3) 0.010(2) 0.018(2) 0.015(2) 0.003(1) 0.002(1) 0.005(1) 
O(4) 0.021(3) 0.015(2) 0.015(2) -0.001(2) 0.004(2) 0.002(2) 
O(5) 0.021(3) 0.015(2) 0.016(2) 0.006(2) -0.001(2) 0.005(1) 
O(6) 0.015(2) 0.010(2) 0.016(2) -0.001(19) 0.002(1) 0.002(1) 
O(7) 0.017(2) 0.020(3) 0.014(2) -0.004(2) -0.003(2) 0.003(2) 
O(8) 0.018(2) 0.015(2) 0.015(2) 0.000(2) 0.000(2) -0.001(2) 
O(9) 0.015(2) 0.013(2) 0.024(3) -0.002(19) -0.006(2) 0.006(2) 
O(10) 0.010(2) 0.022(3) 0.024(3) 0.007(2) 0.002(2) 0.011(2) 
O(11) 0.024(3) 0.018(2) 0.016(3) -0.005(2) -0.001(2) 0.005(2) 
O(12) 0.021(2) 0.010(2) 0.017(2) -0.001(2) -0.005(2) 0.006(1) 
O(13) 0.015(2) 0.011(2) 0.013(2) -0.001(1) -0.004(1) 0.002(1) 
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Table 7.16. Selected bond distances and angles for compounds Rb2Fe3O(PO4)3. 
Fe(1)O5 P(1)O4 
Fe(1)−O(3) 1.901(2) Å P(1)−O(7) 1.525(2) Å 
Fe(1)−O(5)a 2.041(3) Å P(1)−O(10) 1.546(2) Å 
Fe(1)−O(6)b 1.922(2) Å P(1)−O(11) 1.524(2) Å 
Fe(1)−O(8) 1.956(2) Å P(1)−O(12) 1.542(1) Å 
Fe(1)−O(12)c 1.877(1) Å P(2)O4 
Fe(2)O5 P(2)−O(3) 1.533(1) Å 
Fe(2)−O(1)d 1.977(2) Å P(2)−O(4) 1.506(2) Å 
Fe(2)−O(4) 1.897(2) Å P(2)−O(5) 1.523(1) Å 
Fe(2)−O(7)e 2.018(3) Å P(2)−O(6) 1.550(2) Å 
Fe(2)−O(10)f 1.986(2) Å P(3)O4 
Fe(2)−O(13) 1.873(2) Å P(3)−O(1) 1.527(1) Å 
Fe(2)O5 P(3)−O(2) 1.542(2) Å 
Fe(3)−O(2) 1.896(2) Å P(3)−O(8) 1.527(2) Å 
Fe(3)−O(9)d 1.967(2) Å P(3)−O(9) 1.533(2) Å 
Fe(3)−O(11) 1.929(1) Å Fe(2)–O(13)–Fe(3)e 121.9(1)° 
Fe(3)−O(13)v 2.011(2) Å Fe(2)–O(13)–Fe(3) 136.0(2)° 
Fe(3)−O(13) 1.900(2) Å Fe(3)a–O(13)–Fe(3)e 96.9(2)° 
(a) 1-x, 2-y, -z; (b) 1+x, y, z; (c) 1-x, 2-y, 1-z; (d) -1+x, y, z; (e) 1-x, 3-y, 1-z. 
 
Crystal Structure: Rb2Fe2O(PO4)3 crystalizes in triclinic space group P-1; Z = 2. 
The crystallographic data for Rb2Fe2O(PO4)3 is given in Table 7.12. Atomic parameters 
are included in Tables 7.13 and 7.14 while selected bonds distances and angles are given 
in Table 7.15. Figure 7.17 shows a perspective view of Rb2Fe3O(PO4)3 along the a-axis. 
There are two distinct pseudo-one-dimensional channels seen along this view where Rb
+
 
cations reside, Figure 7.17. As shown in the detailed drawing (Fig. 7.18), the structure of 
Rb2Fe3O(PO4)3 consists with isolated FeO5 tbp, [Fe4O16] tetrameric unit interconnected 
through PO4 tetrahedra. This structure shares the common feature of iron tetrameric unit 
with Rb7LnFe6O2(PO4)8, Cs6KLnFe6O2(AsO4)8 and Cs2Rb7Fe10O4(PO4)10Cl compound 
series. Moving forward to the structure analysis, the tetrameric units of iron is formed 
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only from FeO5 tbp units which is highly specific to this structure. The [Fe4O18] 
tetrameric units in Rb7LnFe6O2(PO4)8, Cs6KLnFe6O2(AsO4)8 and Cs2Rb7Fe10O4(PO4)10Cl 
compound series comprehend with two μ3-oxo oxygen atoms shared between the Fe2O10 
dimer, which is made of two edge-sharing FeO6 octahedra, and two FeO5 tbp units, one 
on each side, via vertices. Similar to the above phases, iron tetrameric unit in 
Rb2Fe3O(PO4)3, [Fe4O16] has two μ3-oxo oxygen atoms, O(13), shared between the Fe2O8 
dimer, which is made of two edge-sharing Fe(3)O5 tbp units, and two Fe(2)O5 tbp units, 
one on each side, via vertices. The Fe(1)O5 tbp is the only isolated FeO5 unit in the 
structure and it provides the connectivity between the PO4 groups and [Fe4O16] units as 
shown in Figure 7.18. As shown in Table 7.16, the bond distances and angles of the 
corresponding FeO5 and PO4 units are well within the expected range. In Rb2Fe3O(PO4)3, 
for instance, the tbp Fe(1)−O bond distances range from 1.877(2) Å to 2.041(3) Å, 
Fe(2)−O bond distances range from 1.873(2) Å to 2.018(3) Å and Fe(3)−O bond 
distances range from 1.896(2) Å to 2.011(3) Å comparable to the sum of the Shannon 
crystal radii,
8
 1.93 Ǻ, for a 5-coordinate Fe3+ and O2-.  
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Figure 7.17. Perspectived view along the a-axis showing the pseudo-one-dimensional 
channels where the Rb
+
 cations reside. The color code of circles is the same throughout 
the report. 
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Figure 7.18. Partial structures showing a completely capped Fe(1)O5 tbp unit (top) with 
PO4 tetrahedra that interlink the [Fe4O16] and [FeO5] units. (bottom) [Fe4O16] tetrameric 
units. 
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Conclusion 
A new 3d-4f compounds series (Rb7LnFe6O2(PO4)8 and Cs6KLnFe6O2(AsO4)8) 
were isolated using molten halide flux media, in which the derivatives of different 
lanthanide ions are synthesized. Structurally, the magnetic units in both compound series; 
LnO6 octahera, distorted tbp FeO5 units, [Fe4O18] tetramers are interconnected indirectly 
via the closed-shell, nonmagnetic oxyanion XO4
3-
 (X = P and As) as opposed to be fused 
together directly, by sharing common oxygen atoms. The magnetic properties of 
Rb7LnFe6O2(PO4)8, where Ln = Sm, Gd and Dy were studied and it allowed us to do a 
systematic magnetic studies concerning the effect of f orbital contributions for some 
extent. The temperature dependence of the magnetic moment suggests the existence of 
strong antiferromagnetic interactions between near neighbors. Furthermore, 
Cs2Rb7Fe10O4(PO4)10Cl and Rb2Fe3O(PO4)3 structures also share the common structural 
feature with Rb7LnFe6O2(PO4)8 and Cs6KLnFe6O2(AsO4)8 compound series by having 
iron tetermeric units ([Fe4O18] in Cs2Rb7Fe10O4(PO4)10Cl and [Fe4O16] in 
Rb2Fe3O(PO4)3). In addition to the [Fe4O18] unit Cs2Rb7Fe10O4(PO4)10Cl exhibit 3-D 
channel structure.  
In terms of future studies, a complete study of magnetic properties of 
Rb7LnFe6O2(PO4)8 and Cs6KLnFe6O2(AsO4)8 series will give us a clear picture of the 
magnetic properties associated with 3d-4f combination in the structures. Especially 
studying the magnetic properties of Rb7LuFe6O2(PO4)8 will give us a clear picture of the 
true contribution from the iron tetrameric magnetic nanostructure. Additionally, findings 
of magnetic properties of Cs2Rb7Fe10O4(PO4)10Cl and Rb2Fe3O(PO4)3 will give the 
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understanding of magnetic phenomina associated with with different geometries of iron 
tetermeric units. 
Literature Cited 
 
1. West, J. P., Hwu, S.–J., Queen, W. L. Inorg. Chem. 2009, 48, 8439-8444. 
 
2. (a) Benelli, C.; Gatteschi, D. Chem. Rev., 2002, 102, 2369-2387 and references 
cited therein.  
 
(b) Mishra, A.; Wernsdorfer, W.; Parsons, S.; Christou, G.; Brechin, E. K. Chem. 
Comm., 2005, 43, 2086-2088. 
 
(c) Murugesu, M.; Abhudaya, M.; Wernsdorfer, W.; Abboud, K.; Christou, G. 
Polyhedron, 2006, 25, 613-625. 
 
(d) Stamatatos, T. C., Teat, S. J., Wernsdorfer, W., Christou, G. Angew, Chem, 
Int. Ed., 2009, 48, 521-524. 
 
3. (a) Mishra, A.;. Wernsdorfer, W.; Parsons, S.; Christou, G.; Brechin, E. K. Chem. 
Commun. 2005, 52, 2086–2088, and references therein.  
 
(b) Bernot, K.; Bogani, L.; Caneschi, A.; Gatteschi, D.; Sessoli, R. J. Am. Chem. 
Soc. 2006, 128, 7947–7956.  
 
(c) Gheorghe, R.; Madalan, A. M.; Costes, J.–P.; Wernsdorfer, W.; Andruh, M. 
Dalton Trans. 2010, 39, 4734–4736. 
 
4.  (a) Wang, S.; Hwu, S.–J. J. Am. Chem. Soc. 1992, 114, 6920-6922.  
 
(b) Wang, S.; Hwu, S.–J. Inorg. Chem. 1995, 34, 166-171.  
 
(c) Wang, S.; Hwu, S.–J.; Paradis, J. A.; Whangbo, M.–H. J. Am. Chem. Soc. 
1995, 117, 5515-5522.  
 
(d) Mackay, R.; Wardojo, T. A.; Hwu, S.–J. J. Solid State Chem. 1996, 125, 255-
260.  
 
(e) Hwu, S.–J. Chem. Mater. 1998, 10, 2846-2859.  
 
411 
 
(f) Ulutagay–Kartin, M.; Etheredge, K. M. S.; Schimek, G. L.; Hwu, S.–J.; 
Journal of Alloys and Compounds 2002, 338, 80-86.  
 
(g) Hwu, S.–J.; Ulutagay–Kartin, M.; Clayhold, J. A.; Mackay, R.; Wardojo, T. 
A.; O'Connor, C. T.; Krawiec, M. J. Am. Chem. Soc. 2002, 124, 12404-12405. 
 
(h) Clayhold, J. A.; Ulutagay–Kartin, M.; Hwu, S.–J.; Koo, H.–J.; Whangbo, M.–
H.; Voigt, A.; Eaiprasertsak, K. Phys. Rev. B. 2002, 66, 052403/1-052403/4.  
 
(i) Ulutagay–Kartin, M.; Hwu, S.–J.; Clayhold, J. A. Inorg. Chem. 2003, 42, 
2405-2409.  
 
(j) Mo, X.; Etheredge, K. M. S.; Hwu, S.–J.; Huang, Q. Inorg. Chem. 2006, 45, 
3478-3480.  
 
(k) Ranmohotti, K. G. S.; Mo, X.; Smith, M. K.; Hwu, S.–J. Inorg. Chem. 2006, 
45, 3665-3670. 
 
(l) Stern, R.; Heinmaa, I.; Kriisa, A.; Joon, E.; Vija, S.; Clayhold, J.; Ulutagay–
Kartin, M.; Mo, X.; Queen, W.; Hwu, S.–J. Physica B: Condensed Matter 2006, 
378-380, 1124-1125. 
 
(m) Queen, W. L.; Hwu, S.–J.; Wang, L. Angew. Chem. Int. Ed. 2007, 46, 5344-
5347. 
 
5. Bernot, K.; Bogani, L.; Caneschi, A.; Gatteschi, D.; Sessoli, R. J. Am. Chem. Soc., 
2006, 128, 7947-7956. 
 
6.  (a) Sheldrick, G. M. In “Crystallographic Computing 3” (Sheldrick, G.M.; 
Kruger,  C.; Goddard, R.; Eds.), pp 175-189. Oxford Univ. Press: London, 
1985.  
 
(b) Sheldrick, G. M. In “SHELXTL, Version 6.1 Structure Determination 
Software Programs” Bruker Analytical X-ray Systems Inc., Madison, WI, 2001. 
 
7.  O’Connor, C. J. J. Prog.Inorg. Chem. 1982, 29, 203-276. 
 
8.  Shannon, R. D.; Acta.Cryst. 1976, A32, 751-767. 
 
9. (a) Moliner, N.; Real, J. A.; Muñoz, M. C.; Martinez-Mañez, R.; Juan, J. M. C. J. 
Chem. Soc. Dalton Trans., 1999, 1375-1379 and references cited therein.  
 
(b) Ikeue, T.; Saitoh, T.; Yamaguchi, T.; Ohgo, Y.; Nakamura, M.; Takahashi, 
M.; Takeda, M. Chem. Commun. 2000, 1989-1990. 
412 
 
 
(c) Mund, G.; Batchelor, R. J.; Sharma, R. J.; Jones, C. H. W.; Leznoff, D. B. J. 
Chem. Soc. Dalton Trans. 2002, 136-137. 
 
10.  Kahn, M. L.; Mathonière, C.; Kahn, O. Inorg. Chem. 1999, 38, 3692-3697. 
 
11. Andruh, M.; Ramade, I.; Codjovi, E.; Guillou, O.; Kahn, O.;Trombe, J. C. J. Am. 
Chem. Soc. 1993, 115, 1822-1829. 
 
12. Kahn, O.; Guilliou, O. In New Frontiers in Magnetochemistry, O’Conner, C. J., 
Ed.; World Scientific: Singapore, 1993. 
 
13. Curély, J. Monatshefte für Chemie 2005, 136, 1013-1036 and references cited 
therein. 
  
413 
 
CHAPTER EIGHT 
CONCLUSION AND FUTURE WORK 
 
Conclusion 
Exploratory synthesis is an integral part of new materials discovery of 
fundamental and technological importance. In this dissertation, we have shown the 
successful examples of the development of Li-ion and Na-ion batteries for stationary 
applications in one and the exploration of magnetic insulators for fundamental studies in 
another. As demonstrated throughout this dissertation, new mixed-framework structures 
of transition metal oxide and oxyanions were discovered via exploratory synthesis using 
high–temperature (>500 oC) methods in molten salt media. For the search of new cathode 
materials, the newly synthesized compounds at high temperature were subjected to 
chemical modification via Li-ion exchange under hydrothermal conditions at low 
temperatures (˂ 220 °C). To investigate the potential in battery applications, testing was 
performed on the lithiated products in the Chemical Sciences and Engineering Division 
(Dr. John (Jack) Vaughey) at Argonne National Laboratory, Argonne, IL. For the study 
of quantum confinement effect in condensed matter, magnetic properties of newly 
synthesized magnetic insulators were investigated. We hypothesize that the use of 
nonmagnetic, closed-shell poly-anion groups allows for the synthesis of extended solids 
containing magnetic nanostructures. To investigate the effect of confinement, the 
correlation study of magnetic properties and structures of newly synthesized compounds 
was performed. While a broader family of transition metal cations was investigated, only 
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Fe-based low-dimensional systems were included in this dissertation to show in part the 
inherent abundance and complexity of chemical, structural and physical properties of 
solids this type. 
Once again we have demonstrated that using a molten halide flux (alkali- and 
alkali-earth-metal halides) method, crystal growth can be achieved in the system 
containing otherwise refractory transition metal oxides, rare-earth metal oxides and main 
group oxides. This is because that the molten alkali- and alkali-earth-metal halide fluxes 
allowed the reactions to be conducted in a useful temperature range− LiCl (m.p. 605 °C), 
CsCl (m.p. 646 °C), SrCl2 (m.p. 874 °C), BaCl2 (m.p. 962 °C) by the dissolution of the 
refractory oxides in these so-called high-temperature solvents. We did not employ 
fluoride-containing fluxes as fluorides can react with the reaction vessel made of fused 
silica at high temperatures leading to the interruption of vacuum thus the control of 
reaction atmosphere. Additional eutectic fluxes were also used to lower the melting point 
(CsCl/CsI eutectic flux m.p 505 °C) of the reaction further. The mixed chloride and 
iodide fluxes not only allow for lowering the operating temperatures, but also enable to 
grow sizable crystals in less expensive reaction containers such as fused silica and 
alumina crucibles as opposed to Pt crucibles. Another important feature is the ease with 
which the products can be retrieved by simply dissolving the salt in water followed by 
filtration. It should be noted that these fluxes can in some cases participate in the 
reactions leading to new compounds in which salts are incorporated as part of the overall 
structure. For the halide fluxes with larger cations, such as CsCl, CsI, RbCl and RbI, a 
metathesis reaction with other oxides that contain relatively smaller cations (e.g., Na2O, 
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Fe2O3) to generate new oxides in situ. Binary oxides such as “Cs2O” or “Rb2O” are 
otherwise not available can be synthesized according to the following reaction: 2 CsCl + 
Na2O  Cs2O + 2 NaCl. These in situ metathesis reactions play an important role in the 
formation of novel structures such as Rb0.41FePO4, CsRb2Fe6(PO4)7 and Rb2Fe2O(AsO4)2 
and Rb7LnFe6O2(PO4)8 as described in Chapters 3, 4, 6 and 7, respectively. 
The combination of high-temperature flux synthesis and low-temperature ion-
exchange methods is proven feasible in synthesizing new open-framework structures that 
cannot be discovered otherwise. The synthesis of new compounds was explored in the 
A−M−O−X systems, where A = larger alkali and alkaline-earth metal cations than Li-ion. 
These large cations can be viewed as templates allowing for the formation of new open-
frameworks that cannot be initially formed with Li-ions. Second, Li-containing open 
frameworks were acquired under low-temperature (< 220°C), hydrothermal conditions in 
the LiNO3 solution. From the structural analysis of Li-ion-exchange solids, these large 
cation templations render rigid structures that do not collapse upon Li-ion exchange. It in 
turn provides facile Li-ion diffusion in the channel structure. This phenomenon was 
clearly demonstrated in Chapter 3, where the evidence shows that in the Rb0.41FePO4 
structure, not only the Rb-ions were exchanged with Li-ions, but also additional Li-ions 
were inserted via redox insertion to form Li0.52FePO4. The latter suggests that Li-ion 
insertion of Rb0.41FePO4 also led to the conclusion that having larger cations such as Rb-
ion can create sizable channels to accommodate additional Li-ion into the structure. The 
insertion of additional Li-ions leads to the reduction of Fe
3+
 to Fe
2+
 stoichiometrically. 
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Employing poly-anion groups, such as PO4
3-
, many open-framework structures 
with the 3-D nature were formed by connecting with metal poly-hedra, MOn (n = 4, 5 and 
6). The poly-anion groups further provide positive attributes in electrode applications for 
these structures: 1) very stable structure, essential in long term battery cycling; 2) 
increased M
n+
/M
(n-1)+
 redox couple due to the inductive effect introduced by Goodenough 
compared to the Li
+
/Li than in simple oxides; 3) immense number of structures where 
cation and anion substitution can be performed to achieve the desired properties such as 
high capacities. By adjusting the relative ratio of MOn/POx, the synthesis of new 
structures where connectivity of M−O was maximized to form 3-D M−O connectivity 
has been evident. The extended 3-D M−O connectivity intuitively can achieve improved 
electrical conductivity.  
Further, the two new open frameworks reported in Chapters 3 and 4 indicate 
facile Li-ion exchange. During the progress of this dissertation research, Na-ion battery 
testing as discussed in Chapter 5 was performed for the first time to demonstrate a 
broader scope of this newly discovered compounds family.  
The structural characterization of Rb0.41FePO4 also suggests not only facile ion-
exchange due to channel framework, but also charge delocalization owing to the 3-D 
Fe−O connectivity. Sure enough, the temperature dependent resistivity measurements 
indicated a semi-metallic nature of this material that was never being observed in 
oxyanion-based compounds, including LiFePO4, a prototype cathode material. Since 
conductivity also depends on the concentration of charge carriers, a solid solution 
synthesis was performed with respect to the redox insertion of various amount of Rb 
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content and found the existence of compounds over the range of RbxFePO4, 0.20 ≤ x ≤ 
0.50. As mentioned previously, Rb0.41FePO4 underwent successful ion exchange with Li-
ions and further Li-ion insertion to form Li0.52FePO4 and Li-ion content was confirmed 
using neutron powder diffraction (NPD). Furthermore, FTIR and Raman spectroscopic 
techniques were used to observe the PO4 vibration peak shift due to the Li-ion insertion 
in the structure. The electrochemical study of Li0.52FePO4 was performed. One of the 
most interesting features was the higher charging potential of this material (~4.5 V) 
compared to other reported iron phosphate structures such as LiFePO4 (3.4 V) and 
Li2FeP2O7 (3.5 V). This high charging potential could be due to the inductive effect 
resulting from PO4 groups and the condensed FeO6 octahedral units. Thermal stability of 
the compound was confirmed using temperature dependent powder diffraction and TGA-
DSC analysis and showed the compound is thermally stable up to ~ 800 
o
C. 
Continued research has led to the discovery of six polymorphs of A3Fe6(XO4)7 (A 
= K, Rb, Cs) where the A-site cations reside in the channel that appear to have ion 
mobility judging from the relatively long A−O distances. Li-ion exchange was thus 
performed on the selected phosphate derivative, CsRb2Fe6(PO4)7. As expected, the Li-ion 
exchanged product Li3Fe6(PO4)7 is a fully oxidized state Fe
3+
-containing phase and 
possess reasonable electrochemical properties. Further, electrochemical tests showed an 
initial capacity of ~103 mAh/g which is resemble to four Li-ion insertion during the first 
discharge and further cycling proved this material can be cycled up to 30 cycles with a 
total capacity loss of 50%. It is also important to mention that, this compound has a 
higher OCV resulting from PO4 groups and edge-sharing nature of the Fe−O lattice, and 
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longer cycliability is another potential advantage in-terms of Li-ion battery applications. 
Furthermore, the magnetic susceptibility of the phosphate compound indicated an 
antiferromagnetic transition at ~8.5 K. It should be noted that, the 3-D arrangement of 
Fe−O−X framework of the polymorphs depend up on the size of the alkaline ions. For 
example, in arsenate polymorphs Cs3Fe6(AsO4)7 adopts a smaller unit cell while 
Rb3Fe6(AsO4)7 adopts a larger unit cell (double the a-axis compared to the a-axis of 
Cs3Fe6(AsO4)7).  
Incorporating alkaline-earth cation (Chapter 5) led to the formation of a new 
framework of Sr2-xNa2xFe5O2(PO4)5 (x = 0.75) made of Fe:P ratio 1:1 with condensed 
Fe−O units. The unique Fe−O connectivity of this structure, can be best described as 2-D 
sheets stacked along the [100] direction. The as-prepared polycrystalline sample of 
Sr1.25Na1.5Fe5O2(PO4)5 was studied as a cathode material for sodium ion batteries coupled 
with a sodium metal anode. Regular charge-discharge profiles indicate the ability to 
intercalate and de-intercalate sodium into the structure. In addition to Na-ion battery 
characterization, the magnetic properties of Sr1.25Na1.5Fe5O2(PO4)5 were characterized 
and NPD was carried out to determine the magnetic structure. Magnetic properties 
showed that Sr1.25Na1.5Fe5O2(PO4)5 displays predominantly antiferromagnetic behavior.  
Several new compounds reported in Chapters 6 and 7 were investigated mainly of 
magnetic interest due to their low-dimensional Fe−O frameworks. As hypothesized, the 
use of non-magnetic oxy-anions allow the compound formation with magnetic nano-
structures embedded in the closed-shell, non-magnetic oxyanion matrix. We have 
demonstrated that, through structure and property correlation studies, the understanding 
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for the origin of otherwise complex magnetic phenomena can be achieved. It is also once 
again proven that using the oxyanions, one can synthesize new low-dimensional 
transition metal oxide frameworks that potentially help us draw a better understanding 
and in turn explore new solids with emerging magnetic phenomena. Further, growing 
sizable crystals of the structurally known A2Fe2O(AsO4)2 (A = K, Rb and K/Cs) series 
has made a fascinating discovery of new magnetic phenomena that were never observed 
before. These compounds show stepped magnetization and negative magnetization 
behavior which offer us tremendous opportunities for advanced studies. In my 
preliminary studies of structure and property correlation, these magnetic anomalies can 
be attributed to the presence of two crystallographically independent Fe
3+
 sites in the so-
called Δ-chain (or saw-tooth) Fe−O chains. The NPD studies suggest a magnetic 
structure at 4 K and confirm the anti-ferromagnetic structure at zero applied magnetic 
field. The NPD studies in the field also suggest model for a field-induced FM magnetic 
structure upon spin-flipping. Furthermore, this model was successfully used to explain 
the ferromagnetic behavior, step magnetization and the negative magnetization observed 
in Rb2Fe2O(AsO4)2.  
Finally, a series of new 3d-4f compounds, Rb7LnFe6O2(PO4)8 and 
Cs6KLnFe6O2(AsO4)8 was synthesized in an attempt to reveal the effect of 4f ions have 
on magnetic nanostructures. Here two different series of 3d-4f compounds were 
synthesized. One of the most important things was the fact that they share the common 
motif of, [Fe4O18]. Additionally, similar structural feature is found in 
Cs2Rb7Fe10O4(PO4)10Cl and Rb2Fe3O(PO4)3 as reported in Chapter 8 with respect to the 
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tetermeric iron oxide units ([Fe4O18] in Cs2Rb7Fe10O4(PO4)10Cl and [Fe4O16] in 
Rb2Fe3O(PO4)3). The magnetic results of Rb7LnFe6O2(PO4)8, where Ln = Sm, Gd and Dy 
indicate significant local antiferromagnetic interactions as we realize that the effective 
magnetic moment, µeff, vs. temperature, T, plots of all above three compounds exhibit 
lower µeff than expected. However, it must be noted that, magnetic studies of the 
Rb7LnFe6O2(PO4)8 series are in preliminary stages. Last, but not least, this dissertation 
research showed a very rich structural chemistry promising for exploiting new materials 
in fields beyond battery and magnetic applications. The exploratory synthesis using 
molten salt flux method allowed the growth of sizable crystals of these otherwise 
refractory oxides for structural and property characterizations. While some of these new 
materials could be a good candidate for the next generation of battery devices, others 
with confined magnetic lattices facilitated in depth understanding of the underlying 
phenomena behind the step magnetization and magnetic reversal. Therefore, the research 
work in this dissertation provides insights for future research in areas including new 
cathode materials and low-dimensional magnetic materials.  
Future Work 
This dissertation presents a large number of transition metal poly-anion 
frameworks which can be useful for further studies in fields including particularly Li-ion 
batteries and magnetism. Generally speaking, the Li-ion exchange capability of the new 
compounds has to be further studied in order to get clear picture about the parameters 
(temperature, pressure, concentration of LiNO3 solution, etc.) which govern the ion 
exchange. Furthermore, thanks to the inductive effect in PO4 groups, the new compounds 
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have high operating voltages vs Li or Na, at the same time they form an immense variety 
of Fe−O−P frameworks which can change the magnitude of the inductive effect. So, it is 
extremely important to know how to control the inductive effect on these systems to 
achieve the desired voltages. Thus, a more in depth study about how to control the 
inductive effect and Li-ion exchange will be necessary in the future in order to achieve 
the target properties, including, better capacities and operating voltages. 
More specifically, in Chapter 3, it would be a good idea to study the ion exchange 
behavior throughout the solid solution series of RbxFePO4, where 0.20 ≤ x ≤ 0.50. For 
instance, this study would provide detailed information about how the Li-ion exchange 
capability depends on the unit cell volume or size of the channels. Furthermore, the ion 
exchange products from the above solid solution series can be subjected to neutron 
powder diffraction studies to identify the Li-ion sites and occupancies. Additionally, 
inelastic neutron scattering experiments of the Li-ion exchange products will provide the 
information about the dynamics of Li-ion transport in the channels of the structure. 
Following this further, the above study can be combined with ab-initio calculations to 
probe the energies associate with these ion-exchange reactions. Obviously, one can 
employ solid state Li-NMR to identify the local environment around the Li-ion sites after 
the ion exchange. It is also necessary to perform more electrochemical characterizations 
to understand the destruction of Li0.52FePO4 framework during the first discharge, here 
high resolution transmission electron microscope studies would be essential to confirm 
the presence of Fe at the end of the first discharge. Undoubtedly, bringing the discharge 
potential of Li0.52FePO4 to ~ 4.5 V (near the charging potential) will be another important 
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step for the future study. For this purpose, low-temperature synthetic routes will be 
essential by coupling to different organic molecules to achieve nanometer size particles. 
Finally, chemical substitution, structure/property correlation studies and optimization of 
the electrochemical properties of these solids will be needed. In addition to the battery 
testing, magnetic properties of Rb0.41FePO4 should be studied as this structure has unique 
Fe−O connectivity. Further, it will be crucial for fundamental understanding of the 
magnetic properties to derive the magnetic structure of this complex compound. 
Chapters 4 and 5 have demonstrated the synthesis of a series of new compounds 
targeting Li- and Na-ion batteries. Eventually, such poly-anion frameworks should be 
considered as potential candidates for Na-ion batteries. For example, one may envisage 
Sr0.25Na3.5Fe5O2(PO4)5 (Sr2-xNa2xFe5O2(PO4)5, where x = 1.75) would be idealized as a 
cathode material for Na-ion batteries. Even though transition metal poly-anion structures 
suffer lower theoretical capacity due to the presence of heavy poly-anion groups, it would 
be beneficial to synthesize new structures where M : X ratio is greater than one. 
Furthermore, synthesis of new materials with more promising structures where Li : TM 
ratio is 2:1 will be another interesting research area for the future.  
Moving forward, as Rb0.41FePO4 has shown semi-metallic behavior, this will 
initiate another fruitful study. Such work depends primarily on the synthesis of a new 
mixed valance compound by mimicking the nature of the Fe−O connectivity of the parent 
compound. Additionally, cationic (Mn
2+/3+
, V
2+/3+
) and anionic (F
-
) substitution can be 
performed to see how the conductivity can be altered.  
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This dissertation also presented the Fe-based extended solids containing low-
dimensional magnetic nanostructures (Chapter 6). For a systematic study it will be 
necessary to investigate the magnetic properties of other structures such as 
A2Cr2O(AsO4)2, where A = K and Rb, and AV2O(PO4)2, where A = Ca, Sr, and Cd. 
Furthermore, neutron studies such as neutron powder diffraction and inelastic neutron 
scattering would be ideal to understand the macroscopic magnetic phenomena associated 
with Cr
3+
- and V
3+
- based compounds. One of the biggest challenges in this type of 
research is growing a large crystal (weigh ~ 100 mg per crystal). As inelastic neutron 
scattering (INS) produces very weak signals, large crystals are extremely important. 
Here, it is important to mention that, INS experiments are essential to determine the 
magnetic energy levels associated with magnetic transitions which eventually explain the 
macroscopic magnetic properties. Thus, it is important to have relatively large crystals. In 
order to synthesize large crystals, one can utilize the Optical Zone-Melting Technique in 
the future and this technique has been successfully used to grow large single crystals of 
iron arsenide and iron telluride compounds. 
Finally, a complete magnetic property characterization is essential to understand 
the role of 4f elements in the 3d-4f series, Rb7LnFe6O2(PO4)8 and Cs6KLnFe6O2(AsO4)8. 
As many different lanthanides have been synthesized in these two series, it will provide a 
good understanding of the role of 4f elements regarding the magnetic properties in these 
compounds. Furthermore, Cs2Rb7Fe10O4(PO4)10Cl and Rb2Fe3O(PO4)3 structures share 
the common iron tetrameric unit with those 3d-4f series compounds. A detailed magnetic 
property characterization will shed the light on understanding the magnetic behavior of 
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the iron tetrameric unit. Pursuing this further, in Rb2Fe3O(PO4)3 the iron tetrameric unit is 
only made from four trigonal bi-pyramid (tbp) FeO5 while in all above cases it is made 
from two tbp and two octahedral units. Therefore, Rb2Fe2O(PO4)3 can be utilized to 
understand the magnetic phenomena arising only due to the tbp units in the iron 
tetrameric unit. Lastly, the findings of all of these future works will shed new light on 
development in battery research and understanding of the magnetic phenomena observed 
within this extensive family of compounds. 
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